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Perovskite solar cells (PSCs) have drawn a large amount of attention during last few years 
in both academic and industrial areas of solar cell development, due to their simple 
fabrication, use of low-cost materials and high power conversion efficiencies (PCEs). 
Several key improvements have been made since the first report of this technology in 
PCE and stability through interface and material engineering. However, these have been 
demonstrated almost exclusively for small-scale devices. A key challenge is to 
successfully translate the fundamental knowledge obtained on small-scale PSCs to 
practical devices in a larger scale. The aim of this thesis is to investigate the effect of the 
film qualities (specifically morphological and electronic properties) for each layer on 
device performance, and then to apply this knowledge to upscaled devices. As a practical 
outcome, a larger scale PSC with efficiency of 6% with an active area of 2 cm2 is 
demonstrated. The device was fabricated using solution processing and widely available, 
low-cost materials.  
The aim of the first experimental chapter (chapter III) is to correlate device 
performance with perovskite (CH3NH3PbI3) films deposition conditions using different 
solvents (γ-butyrolactone (GBL) or dimethylformamide (DMF)) as well as different 
deposition methods (single-step or sequential deposition), which are frequently used in 
the literature, but have not been directly compared. Here, specific concern is paid to 
practicality and scalability. The sequential deposition is shown be preferable for 
upscaling. This method results in a lower standard variation of device performance due 
to the better uniformity. Furthermore, the enhanced light harvesting contributes to a 
higher Jsc, by using perovskite film deposited by sequential methods.  
In chapter IV, different hole transport materials (HTMs), P3HT, PCPDTBT and spiro-
ii  
OMeTAD are studied along with HTM-free devices, in terms of photovoltaic 
performance and electron lifetimes. The electron blocking effect (to block the electron 
injection from photoexcited perovskite to cathode) of the HTMs is observed to be a 
critical parameter, which depends on the HTM’s LUMO level. In addition, the pore 
infiltration capability of the HTMs is shown to be significantly less important than for 
solid-state dye sensitized solar cell (ss-DSSC) using MK2 organic dye. Considering the 
high cost of spiro-OMeTAD and similar PCEs in optimized PSCs, a cheaper HTM, P3HT, 
is considered to be a more practical HTM for the upscaling purposes.  
A further advantage of P3HT is seen with a reduced reliance on additives in chapter 
V. LiTFSI and tBP commonly used in PSCs to enhance performance. However, their 
presence may lead to corrosion of the perovskite layer therefore reducing the device 
stability. This suggests the removal of the additives or diminishing use should be 
beneficial. In this chapter, the role of additives is evaluated by varying the concentrations. 
The combined effects of additive and HTMs are examined following layer by layer 
approach. In addition to improving the electronic conductivity of HTMs, the combination 
of LiTFSI and tBP are to enhance both Voc and Jsc of perovskite solar cells. The Jsc is 
increased owing to modification of the perovskite film morphology and electronic 
properties. The Voc is enhanced as the electron density is increased, as well as the work 
function of metal conatct being downward shifted due to the charge accumulation at the 
interface. This is different to the accepted understanding of the effect of additives in solid-
state dye sensitized solar cells (ss-DSSCs), where the main effect is to interact with TiO2. 
Through investigating the effect of additives, a new strategy has been found to eliminate 
the use of additives, by well controlling the morphology of perovskite and the alignment 
of energy levels. This also raises the possibility of a wider range of materials to be applied 
as cathodic contacts in PSCs.  
iii  
In chapter VI, the scalability of the fabrication of mesoscopic perovskite solar cells is 
tested by scaling the device area by more than a factor with an active area of 2 cm2, 
utilizing the results from the previous investigations for each layer. Scalable techniques 
are introduced in the fabrication process including an ultrasonic spray-coating of compact 
TiO2 layer and mechanical doctor-blading of active layers (perovskite and HTM) instead 
of spin coating. Based on these preliminary studies, devices with larger sizes could obtain 
a comparable efficiency of small-scale devices. It shows a great potential of the perovskite 
solar cells for further scaling up and large-scale fabrication.  
The lessons learned here will help guide the further development of perovskite 
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1.1 Overview  
Solar energy, as a sustainable and clean source, is an attractive approach to provide 
sufficient electrical energy for human activity by way of the photovoltaic effect. In 
addition to the thermal energy obtained from the sun, sunlight can be converted by 
photovoltaic (PV) cells into electricity. 1st generation solar cells made of crystalline 
silicon have been successfully commercialized.1 Although 2nd generation solar cells based 
on thin film CdTe, CdSe, and copper indium gallium selenide (CIGS) have promised to 
sharply reduced production cost,2 there are still some difficulties in large-scale 
manufacture due to the requirement of high processing temperature and vacuum 
processes. The need for a solar cell to further decreasing the cost promotes the 
development of the new types of solar cells, such as organic solar cells, dye sensitized 
solar cells, quantum dot solar cells and perovskite solar cells.3 Among these emerging 
technologies, perovskite solar cells (PSCs) have drawn a large attention in both academic 
fields and industry due to the low projected cost and high reported efficiencies. The 
highest power conversion efficiency (PCE) for PSCs has been reported at 22.7%, which 
rivals the PCE of silicon solar cells.4,5 In spite of this, a great deal of further research is 
required. In particular, the roles of hole transporting layer and ionic, molecular additives 
have not been clarified yet. Introducing these materials involves additional processing so 
with a view of upscaling, it is important to understand their exact roles and if it is possible, 
simplify manufacture by eliminating them altogether.  
 In this chapter, PSCs will be introduced through a detailed review of the development 
of history, including the properties of perovskite material and device configurations. In 
addition, recent publications on the roles of HTMs and electronic additives in PSCs will 
be described. Furthermore, the current understanding of operation mechanisms of PSCs 
will be compared with dye sensitized solar cells (DSSCs), as much of PSC development 
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has flowed from the DSSC research. PV characterization of PSCs, including current 
density-voltage tests (J-V tests), and incident photon to current efficiency (IPCE) will 
also be described. For the general understanding of charge transport and recombination 
processes, the stepped light-induced transient measurements of photocurrent and voltage 
(SLIM-PCV) will be introduced to measure the electron diffusion coefficient and electron 
lifetime.6-11 Some limitations of this setup, used in PSCs as compared to DSSC, will be 
explained, as well as way to overcome those limitations. As for device upscaling, recent 
progress and challenges of the large-area and printable PSCs will also be presented. Based 
on the problems discussed for each section, the scope of this thesis is given at the end of 
this chapter.  
 
 
1.2 History and development of perovskite solar cells  
Organometal halide perovskite with general formula of AMX3 (A=CH3NH3, CH(NH2)2, 
M=Pb, Sn and X=I, Br, Cl) have drawn extensive interest due to their high absorption 
coefficient (1.5×104 cm-1 at 550 nm), panchromatic absorption, high charge carrier 
mobility (~8 cm2/(V·s) for CH3NH3PbI3, ~11 cm
2/(V·s) for CH3NH3PbI3-xClx),
12 and 
tunable band gaps.13-18 Furthermore, the self-assembling character and simple synthetic 
processes give them great potential as a light harvester in inexpensive and high 
performance solar cells. According to the “detailed balance limit” theory, the theoretical 
maximum Voc of a semiconductor is estimated as bandgap energy (Eg) reduced by 0.25 
eV.19 The ratio of maximum Voc to Eg can be used as an index to evaluate the efficiency 
of the semiconductor as an absorber in a solar cell. In the case of CH3NH3PbI3 perovskite 
material (Eg=~1.55 eV), the maximum theoretical Voc is calculated to be ~1.3 V. An 
experimental record Voc of 1.2 V was reported from CH3NH3PbI3 based perovskite solar 
4 
 




1.2.1 Liquid-state perovskite solar cells 
The first reports of perovskite solar cells (PSCs) involved replacing the dye absorber 
with an organometallic perovskite material in mesoporous dye sensitized solar cells 
(DSSCs). These devices consisted of a transparent conducting oxide (TCO) coated glass, 
semiconducting nanoparticles (TiO2), a perovskite quantum dot sensitizer, a redox 
electrolyte, and a catalytic counter electrode (Figure 1.1). Methyl ammonium lead iodide 
(CH3NH3PbI3) and methyl ammonium lead bromide (CH3NH3PbBr3) were used in this 
study as the light sensitizer by Miyasaka’s group, attaining PCEs of 3.8 % and 3.1 % 
respectively.22 An improved PCE of 6.5% was obtained by Park’s group via optimizing 
the concentration of perovskite precursor solution, post annealing temperature, and 
surface modification of TiO2 with Pb(NO3)2.
14 The 12% increase in Voc by additional 
Pb(NO3)2 treatment on the TiO2 interface was reported to be from the passivation effect 
of Pb(NO3)2 reducing charge recombination. The stability of these liquid-state perovskite-
sensitized solar cells was identified as a major problem because of the corrosive liquid 
electrolyte (I-/I3
-). Therefore, researchers switched their interest to use perovskite 





Figure 1.1 Typical structure of liquid-state perovskite solar cells or DSSCs 
 
 
1.2.2 Solid-sate perovskite solar cells 
Solid-state perovskite solar cells were firstly reported by Kim et al. using 
CH3NH3PbI3 as light sensitizer and spiro-OMeTAD as hole transporter reaching a high 
PCE of 9.7%.23 In the same year, Snaith and Miyasaka et al reported that a PCE of 10.9% 
was achieved by using CH3NH3PbI3-xClx perovskite as the light absorber in mesoporous 
Al2O3 scaffold.
24 Device stabilities were significantly improved by replacing the liquid 
electrolyte to solid-state hole transport materials (HTMs). Figure 1.2a shows the 
architecture of solid-state mesoscopic perovskite solar cells consisting of a transparent 
TCO glass, a hole blocking underlayer (to inhibit the direct contact of perovskite or HTM 
with TCO film), a mesoporous TiO2 or Al2O3 layer, perovskite film, a HTM layer, and a 
counter electrode. The ambipolar charge transport property of perovskite was firstly 
realized by Snaith et al. through the investigation of removing the mesoporous scaffold, 
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which indicates the perovskite layer is able to efficiently transport both electrons and 
holes.25 Subsequently, a PCE of >15% was reported in the configuration of a planar 
heterojunction solar cell (Figure 1.2b) fabricated with the vapor-deposited perovskite 
film.26 The hole transport property was further verified by Etgar, et al. in HTM-free 
mesoscopic perovskite solar cells.27-29 Electron diffusion lengths exceeding 1 µm and 
~100 nm were observed in mixed halide perovskite (CH3NH3PbI3-xClx) and triiodide 
perovskite (CH3NH3PbI3) respectively.
30  As the diffusion lengths in CH3NH3PbI3-xClx 
were found to be much greater than the depth of absorption (~600 nm), the planar 
architecture was suggested to be more desirable for the mixed halide perovskite. 
However, the mesoscopic structure was more suitable for the triiodide perovskite, due to 
shorter diffusion lengths were estimated in CH3NH3PbI3 than its absorption depth (~600 
nm).30,31 It is worth noting that the previous PCE record of 22.1% reported by Sang-Ⅱ 
Seok et al. from Korean Research Institute of Chemical Technology (KRICT) using 
architecture of FTO / thin-barrier TiO2 / mesoporous TiO2 / perovskite 
(HC(NH2)2PbI3+CH3NH3PbBr3) / poly(triarylamine) (PTAA) / Au has been renewed by 
KRICT along with an improved open circuit voltage.4,32 
This thesis is focused on mesoscopic CH3NH3PbI3 perovskite solar cells because this 
allows direct comparison with solid-state dye sensitized solar cells (ss-DSSCs) which 
consists of similar components. This will help to answer some basic scientific questions, 
such as the role of hole conducting layer and additives. Perovskite solar cells (PSCs) in 





Figure 1.2 Typical architectures of mesoscopic PSCs (a), and planar PSCs (b). 
 
 
1.3 Perovskite film deposition   
In the early stage of device development, the performed method for the deposition of 
perovskite was a one-step process with a solvent of γ-butyrolactone (GBL) or 
dimethylformamide (DMF). The perovskite film was directly formed by spin coating of 
1:1 molar ratio of CH3NH3I and PbI2 mixed solution in γ-butyrolactone (GBL),
23 or 
dimethylformamide (DMF), followed by drying on a hot plate. However, the device 
performance reported with this approach varied in a wide distribution because the 
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precipitation of perovskite crystal was not well controlled.33,34  
Aiming to achieve an optimized composition, structure, void-free and homogeneous 
perovskite film, various perovskite coating methods were attempted during the past 
several years. A two-step deposition was first developed by Burschka et al., in which PbI2 
was deposited onto a mesoporous TiO2 film from a PbI2/DMF solution, and then dipped 
into a CH3NH3I/isopropanol solution leading to the formation of CH3NH3PbI3.
35 In 2014, 
Jeon et al. reported a solvent engineering process to obtain a dense perovskite layer with 
extremely high uniformity, in which the perovskite layer was deposited from a solution 
with a mixture of GBL and dimethylsulphoxide (DMSO), followed by drop-casting of an 
anti-solvent, toluene.36 An anti-solvent assistant coating method was also developed by 
Xiao et al. with a fast deposition crystallization procedure involving deposition of 
perovskite from a DMF solution, followed immediately by exposure to an anti-solvent, 
chlorobenzene, to induce perovskite crystallization.37 Following that, Huang et al. 
reported a facile gas-assisted coating technique that a dry argon flow was blown over the 
wet perovskite surface during the spin coating process to achieve uniform films.38 Based 
on the concept to control nucleation and crystal growth for obtaining smooth perovskite 
film, Bi et al. introduced a new approach using poly(methyl methacrylate) (PMMA) as a 
template to precisely control the crystallization process.39  
Among all these developed deposition techniques, the one-step spin coating of 
perovskite precursor solution, and two-step deposition method are still the most widely 
applied, due to the merit of easy processing, and low cost. According to a number of 
reports, PSCs prepared by two-step deposition exhibit higher PCEs than the single-step 
deposition, benefiting from a better pore filling, and well-structured capping layer.40,41 
However, there is no direct comparison of device performance correlating to 
morphological properties of CH3NH3PbI3 perovskite including uniformity, surface 
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coverage, and crystal size between the one-step deposition from GBL solution, DMF 
solution and two-step deposition together. Therefore, in Chapter III, the influence of 
perovskite film qualities on device performance resulted from these three different 
deposition methods or solvents will be investigated systematically.  
 
 
1.4 Hole transport materials (HTMs) 
In spite of some reports of HTM-free perovskite solar cells, the hole transport material 
(HTM) is still considered an important part of a PSC to efficiently extract the holes from 
the perovskite layer and transport to the counter electrode, minimizing the losses from the 
recombination at the interfaces of TiO2ǀperovskiteǀHTM.
42,43 An ideal HTM for PSCs 
should have: 1) a slightly shallower highest occupied molecular orbital (HOMO) energy 
level than the valence band (VB) edge of the perovskite with sufficient driving force for 
the hole extraction, 2) a high hole mobility, contributing to a fast hole transporting from 
the perovskite interface to the metal counter electrode, thereby reducing the population 
of charge recombination. Tremendous efforts have been devoted to developing various 
HTMs incorporated in PSCs including small molecule HTMs23,44,45, conducting 
polymers46-48, inorganic HTMs49,50, and organometallic complexes51,52.  
 
 
1.4.1 Small-molecule organic HTMs  
Spiro-OMeTAD, the first HTM incorporated in perovskite solar cells (PSCs)19 is still 
most commonly used, and can lead to high PCEs of over 20%.53,54 It was initially 
employed as a HTM in solid-state dye sensitized solar cells (ss-DSSCs) by Bach et al..55 
However, the drawback of spiro-OMeTAD is its low charge carrier mobility in the 
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pristine form, which requires the addition of additives, such as lithium 
bis(trifluoromethylsulfonyl) imide (LiTFSI) and 4-tert-butylpyrindine (tBP) to increase 
the conductivity, thereby improving the device efficiency.56 In addition, the high cost for 
the complicated synthesis processes of spiro-OMeTAD may limit its practical application 
at large scale.  
Jeon et al. employed a set of N,N-di-p-methoxyphenyl-amine-substituted pyrene 
derivatives with different energy levels in PSCs for comparison. The HOMO levels of 
these materials were estimated to be -5.41 eV, -5.25 eV and -5.11 eV, respectively, for 
Py-A, Py-B and Py-C.57 The PSCs prepared with Py-A showed worse performance than 
the devices prepared with Py-B and Py-C due to the insufficient driving force with low 
offset in energy levels between the VB of CH3NH3PbI3 perovskite and the HOMO level 
of Py-A. The difference in Voc for Py-B and Py-C based devices was in agreement with 
the difference in their HOMO levels. Three electron-rich molecules, 3,4-
ethylenedioxythiophene (H101),58 2,3,4,5-tetra[4,4’-bis(methoxyphenyl)aminophen-4”-
yl]-thiophene (H111), and 4,4’,5,5’-tetra[4,4’-bis(methoxyphenyl)aminophen-4”-yl]-
2,2’-bithiophene (H112) were reported to have great potential to replace spiro-OMeTAD 
by Li et al. due to comparable efficiencies obtained with spiro-OMeTAD based devices, 
but with much simpler and cheaper syntheses.59 In addition, Cheng et al. reported an 
acceptor-donor-acceptor (A-D-A) structured phenoxazine (POZ)-based hole conductor 
(M1) based on an electron-rich benzo[1,2b:4,5b’]-dithiophene (BDT) unit which was 
incorporated in PSCs resulting in a relatively high PCE due to the suitable energy levels, 
and high hole mobility in its pristine form.60 Another dopant-free HTM, tetrathiafulvalene 
derivative (TTF-1) was employed in PSCs by Liu et al. yielding a comparable efficiency 





Figure 1.3 Chemical structures of the small-molecular HTMs mentioned above 
 
 
1.4.2 Conducting polymers 
Conducting polymers with relatively high conductivities are also widely incorporated in 
PSCs as a HTM. Poly(3-hexylthiophene) (P3HT), as a model polymer material, has been 
well studied within PSCs. 62 Abrusci et al. reported the first P3HT employed PSCs with 
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CH3NH3PbI3-xClx as the light absorber, combined a fullerene self-assembled monolayer 
(C60SAM) functionalized mesoporous TiO2 yielding a PCE of 6.7%.
63 Photoexcitation in 
both perovskite and P3HT was found to have efficient electron transfer to electron 
acceptor C60SAM. In another report, P3HT functionalized single-walled nanotube 
(SWNT) embedded in an inert polymer matrix PMMA was employed in PSCs achieving 
an average PCE over 10% with an improved thermal and moisture stability.64 In addition, 
a bamboo-structured nanotubes (BCNs), as a HTM composite based on P3HT, was 
developed by Cai et al. for PSCs. By addition of BCNs, the hole conductivity of P3HT 
was increased, and charge recombination was reduced due to better crystallinity of 
P3HT.65 Another thiophene based polymer, poly[N-9-hepta-decanyl-2,7-carbazole-alt-
3,6-bis-(thiophen-5-yl)-2,5-dioctyl-2,5-di-hydroptrrolo[3,4-]pyrrole-1,4-dione] 
(PCBTDPP), with a high hole mobility of 0.02 cm2V-1s-1, was introduced in PSCs. A high 
Voc of 1.15 V was achieved based on CH3NH3PbBr3 perovskite absorber.
66,67 A 
systematic study of different polymeric HTMs was carried out by Heo et al. between 
poly-triarylamine (PTAA) and various poly-thiophene HTMs, such as P3HT, poly-[2,1,3-
benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b’]dithiophene-2,6-diyl]] (PCPDTBT), and (poly-[[9-(1-octylnonyl)-9H-carbazole-2,7-
diyl]-2,5-thiophenediyl-2,1,3 benzothiadiazole-4,7-diyl-2,5-thiophenediyl]) 
(PCDTBT).46 The best PCE of 12% was obtained with PTAA based PSCs due to a higher 
hole mobility (~1×10-2 to ~1×10-3 cm2V-1s-1) and a stronger interaction between 
CH3NH3PbI3 perovskite and PTAA.
68 The specific interaction between the perovskite and 
PTAA is required to be further investigation. To date, the highest PCE of the PSCs was 
reported with PTAA by Seok’s group.32 However, Salado et al. reported another 




fluorene] (FDT) and 5,10,15-trihexyl-3,8,13-tris(4-methoxyphenyl)- 10,15-dihydro-5H-
diindolo[3,2-a:3′,2′-c]carbazole (HMPDI), demonstrating a higher efficiency of spiro-




Figure 1.4 Chemical structures of the polymeric HTMs mentioned above 
 
 
1.4.3 Inorganic HTMs 
Inorganic HTMs were also introduced in PSCs due to the ease of synthesis and high hole 
conductivity. Christians et al. reported the first incorporation of copper iodide (CuI), as a 
HTM in PSCs attaining a highest PCE of ~6%.49 In spite of two orders of magnitude 
higher electrical conductivity compared to spiro-OMeTAD, a high rate of recombination 
was observed in CuI based devices, which limited the Voc to just 550 mV. Copper 
thiocyanate (CuSCN) was also studied in PSCs by Ito et al. and co-workers, with PCEs 
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of these devices improved from 4.85% to 12.4% through maximizing the light harvesting 
of perovskite.50,70 In addition, metal oxides as NiO71, Cu2O
72,73, CuO73, Cu-doped NiOx
74, 
and CuGaO2
75 were reported for n-i-p planar perovskite solar cells with relatively high 
efficiencies of over 10%. 
Although more and more HTMs have been developed and employed in perovskite 
solar cells, spiro-OMeTAD is still the most widely used to achieve high PCEs. Although 
attempts to incorporation of various HTMs with deeper HOMO levels were made with 
the purpose of increasing the Voc, these values were not significantly improved according 
to the most reports. To date, however, little attention has been paid to the requirements of 
the HTM LUMO energy. 
 
 
1.5 The role of additives: LiTFSI and tBP  
1.5.1 The role of LiTFSI and tBP used in DSSCs 
The ionic and molecular additives, LiTFSI and tBP have been commonly used in both 
liquid-state and solid-state DSSCs. In liquid-state DSSCs, Li+, introduced through the 
electrolyte is reported to intercalate into the TiO2 and downward shift the TiO2 conduction 
band by decreasing the number of trap states.76,77 On the other hand, tBP was 
demonstrated to negatively shift the TiO2 conduction band edge at the interface, and also 
reduce the recombination between electrons in TiO2 and electrolyte due to the blocking 
effect of tBP.76,78-81 The effects of Li+ ions and tBP on electron injection process are 





Figure 1.5 Schematic of the  effects of Li+ and tBP on electron injection to TiO2 (adapted 
from [reference79]) 
 
In solid-state DSSCs, the similar combinative roles of Li+ and tBP were reported to 
tune the TiO2 conduction band potential for efficient electron injection and relatively high 
Voc, and inhibit the electron recombination at the interface between TiO2 and HTMs.
51 
Furthermore, the addition of Li+ salts were reported to enhance the conductivity of the 
HTM.55,77,80-82 Li+ was shown to react with O2 and spiro-OMeTAD helping to generate 
the oxidized form of spiro-OMeTAD in a number of reports.83,84 Significantly for spiro-
OMeTAD based devices, the absence of Li+ resulted in a very poor photovoltaic 
performance.19,20,31,42 Bailie et al., however, demonstrated the tBP was easily evaporated 
at temperatures as low as 85 °C, thereby raising the need for a more thermally stable 
alternative. The effect of lithium salt and tBP on P3HT based DSSCs was reported to 
depend on different dye molecules.85 For an organic dye, such as D102, the lithium salt 
was demonstrated to change the energy levels and band gap of dye molecules on TiO2, 






Figure 1.6 Chemical structures of D102, tBP and LiTFSI 
 
 
1.5.2 The role of these additives used in PSCs 
The roles of the additives LiTFSI and tBP are however not that clear in PSCs. Dualeh et 
al. and Li et al. suggested the similar roles of these two additives as played in ss-DSSCs, 
which not only help optimizing the potential of TiO2, inhibiting charge recombination, 
but also increasing the conductivities of hole conductors, especially spiro-OMeTAD.87,88 
In addition, tBP was demonstrated by Wang et al. to help avoid the accumulation of Li+ 
ions and control the morphology of the spiro-OMeTAD film.89 A better hole conductivity 
was also demonstrated by addition of LiTFSI and tBP in P3HT based devices. Guo et al. 
proposed that LiTFSI could help to increase the carrier density and downward shift the 
HOMO level of P3HT, while the tBP was used to enhance the ordering of P3HT polymer 
chains.48 Recently, Habisreutinger reported that the tBP could interact with the perovskite 
interface generating a p-doped surface resulting in a more hole-selective layer.90 
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Meanwhile, corrosion of the perovskite film by tBP was raised, as this can have a 
detrimental effect on the stability of PSCs.91,92 As such, some questions are raised: 1) 
Whether these additives necessary or ultimately bad for perovskite? 2) Can they be 
removed or substituted to increase device stability and simplify upscaling of device 
fabrication? There is as yet no consensus of the mechanisms of LiTFSI and tBP in PSCs, 
and a lack of systematic studies on the combinative effect of these additives correlated to 
different HTMs for PSC applications.  
 
 
1.6 Operating mechanisms and timescales of processes in 
PSCs 
1.6.1 Operating principles and mechanism of DSSCs 
The operating principles of a dye sensitized solar cell (DSSC) utilizing a dye as a light 
absorber, coated on mesoporous TiO2 film with either a solid-state hole transporting 
material (HTM) or liquid-state redox shuttle (eg, I-/I3
-) are illustrated in Figure 1.7. The 
electron transfer processes are as follow: 
1. Dye sensitizers are excited by absorbed photons (Dye excitation); 
2. Photoexcited electrons are injected into the conduction band (CB) of TiO2 
semiconductor (Electron injection); 
3. The electrons diffuse through the mesoporous TiO2, and are collected by the FTO 
glass (Electron transport); 
4. Oxidized dyes (D+) are regenerated by electron transfer from the surrounding 
HTMs or redox shuttles (eg, I-/I3
-) in electrolyte (Dye regeneration); 









7. Photoexcited dyes (D*) decay to the ground state (D) (D* decay). 
 
The Voc is the potential difference of charge Fermi levels in TiO2 and HTM or 
electrolyte, which is normally defined as the difference of Fermi level of e-TiO2 and the 
HOMO level of the HTM or the oxidation potential of electrolyte. While, the Jsc depends 






Figure 1.7 Schematic structure of a dye sensitized solar cell (DSSC) (a); Operating 
principles of a DSSC with possible electron transfer processes (b) (adapted from 
[reference93]) 
 
1.6.2 Operating mechanism of PSCs and the timescales of each 
processes 
The operating mechanism of perovskite solar cells depends on the device architecture. In 
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the case of the planar PSCs as shown in Figure 1.2b, the photoexcited electrons were 
proposed to transport across the continuous perovskite materials until reaching the 
electron acceptor layer.94 To ensure electrons efficiently collected by the electron 
acceptor layer, it is very critical to control the thickness of perovskite layer (lower than 
diffusion length) and the film quality (well connected perovskite). For the mesoscopic 
perovskite solar cells, which developed from the DSSC structure, the working principle 
was initially suggested to be similar to the DSSCs as illustrated in section 1.6.1.95 
However, unlike the single dye layer absorbed on the mp-TiO2 in DSSCs, the perovskite 
is normally filled in the porous TiO2. Therefore, electrons could transport through both 
perovskite layer and mp-TiO2 layer. This thesis is focused on the PSCs in mesoscopic 
configuration with pore filled perovskite. 
Based on impedance spectroscopy, a fingerprint of charge accumulation in 
CH3NH3PbI3 perovskite was directly observed by measuring the capacitance of 
perovskite material with ethier nanostructured TiO2 or insulating ZrO2 samples.
96 In this 
study, solid-state DSSCs were prepared for comparison, with no charge accumulation 
detected using dye absorbers.97 This notable difference indicates that PSC is a new type 
of photovoltaic cell distinct from DSSC in its operation.98 In addition, time-resolved 
techniques were applied to investigate the fundamental mechanisms of photo-induced 
charge carrier transfer processes.99,100 Considering the multiple functions of MAPbX3 
perovskite in PSCs, the possible charge transfer processes are schematically illustrated in 
Table 1.1 and  Figure 1.8.  
An excited state, with a bound electron-hole pair, is created in the perovskite material 
by photon absorption (1). Charge separation is proposed to occur through one of two 
charge separation steps: electron injection into the conduction band of a semiconductor 
TiO2 (2), and hole injection into hole transporting material (3).  
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Recombination at three interfaces including TiO2/perovskite (6), perovskite/HTM (7), 
TiO2/HTM (8) can significantly reduce the concentration of charge carriers extracted, 
leading to a reduced photovoltaic performance. Exciton-exciton or exciton-charge 





Table 1.1 Proposed electron transfer processes in the perovskite sensitized solar cells99,100 




CH3NH3PbI3 + hv →excitons or free 
carriers [ e-(perovskite) + h+(perovskite)] 
≤ps 
2 
Injection of electron 
into nanostructured 
TiO2 
e-(perovskite) + TiO2 → e
-(TiO2) ps 
3 
Injection of hole into 
hole transporting 
material (HTM) 












e-(perovskite) + h+(perovskite) → ∇ ns 
6 








Recombination at the 
interface of 
perovskite/HTM 
h+(HTM) + e-(perovskite) → ∇ μs 
8 
Recombination at the 
interface of TiO2/HTM 
e-(TiO2) + h










1.7 Device Characterization 
1.7.1 Current density-voltage (J-V) tests 
Measuring the current density response to voltage is the most commonly used 
characterization of a solar cell, obtaining four photovoltaic parameters including open 
circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and power 
conversion efficiency (PCE, ƞ). The measurements are typically performed both under a 
simulated 100 mW cm-2 air mass (AM) 1.5G illumination and dark condition. An example 
of J-V curve presented in Figure 1.9 is obtained by applying a linearly-changing voltage 
scan on the solar cell, with recording the photocurrent. The voltage scanning from open 
circuit to short circuit (or possibly beyond these points) is defined as the reverse scan 
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here. The forward scan is varying the voltage in the opposite direction.  
 
 
Figure 1.9 An example of J-V curves of a solar cell under 1 sun illumination and at the dark.  
 
 The Voc is the voltage at the open circuit, ie a current density of 0, which is the 
maximum voltage attainable from a solar cell under operating conditions. The Jsc is the 
current density extracted from a solar cell at a voltage of 0. The overall PCE is calculated 
by the ratio of maximum power density (Pmax) and incident solar energy (Pin). The FF is 
determined from the ratio of Pmax and the product of Voc and Jsc, which can be influenced 









  FF =
Pmax
Jsc×Voc
                                                     Equation 1.2 
 
For perovskite solar cells (PSCs), the J-V characteristics were reported to be heavily 
dependent on the scan rate and scan direction due to the hysteresis effect, in which the 
photovoltaic parameters obtained from varied scan rates and scan directions are 
inconsistent (Figure 1.10).101-107 The reasons for this hysteresis are still not completely 
understood yet. Shao et al. demonstrated that the origin of J-V hysteresis was from a non-
negligible amount of trap states on perovskite surface and grain boundaries.108 While 
Chen et al. attributed the hysteresis behaviour to the ferroelectric polarization of the 
perovskite.109 In addition, ion migration is proposed to induce interfacial barriers, leading 
to a pseudo-steady-state photocurrent.110 Additionally, Bisquert et al. and O’Regan et al. 
proposed that the moving dipoles or ions of the perovskite could be the main reason for 





Figure 1.10 Schematic of J-V curves measured at different scan rate in both forward and 





1.7.2 Incident photon-to-current conversion efficiency (IPCE) 
The Incident Photon-to-Current conversion Efficiency (IPCE) is another helpful 
characterization tool for a solar cell, to determine the conversion fraction of incident 
photons to electrons in the external circuit. Therefore, it is also known as External 
Quantum Efficiency (EQE). An example of IPCE spectrum is exhibited in Figure 1.11, 
which is measured by recording the short-circuit photocurrent with changing the light 
wavelength (λ). The Jsc can be calculated by integrating the IPCE over the spectral photon 
flux at standard one sun illumination if the Jsc shows a linear response with the light 
intensity.  
 
                                   Jsc = ∫  IPCE (λ)𝜙photon(λ)d(λ)                         Equation 1.3 
Where, ϕphoton(λ) is the photon flux density under one sun illumination (AM1.5), with a 





Figure 1.11 Typical IPCE spectrum of a CH3NH3PbI3 based perovskite solar cells 
 
 
1.7.3 Stepped light-induced transient measurements (SLIM) 
Commonly, referred to the electron lifetime (τ, the time of photoexcited electrons stay in 
the conduction band of TiO2 before recombined with electrolyte or holes) and the 
diffusion coefficient (D, how fast an electron transports through the film) are important 
parameters in understanding the performance of a solar cell.111-113 Transient photocurrent 
and photovoltage decay measurements are extensively employed to determine these two 
parameters, especially for a wide range of solar cells.113-116  
In DSSCs, the dye regeneration process is fast enough to leave very low concentration 
of oxidized dyes, thereby the recombination of e-TiO2-oxidized dye can be ignored and the 
electron lifetime is correlated to the e-TiO2-eletrolyte recombination. Electron lifetime (τ) 
of a DSSC is commonly obtained from the proportional relationship between electron 
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density and its decay rate as Equation 1.4, and the small perturbation electron lifetime (τn) 















𝜏                           Equation 1.5 
Where, n is total electron density (cm-3); t is time (s); τ is pseudo first order electron 
lifetime (s), τn is small perturbation electron lifetime (s); nc is effective conduction band 
electron density (cm-3). 
As for the diffusion coefficient (D) of a DSSC, the diffusion equation as Equation 1.6 
is commonly used following the approach reported by Kopidakis et al.118  
  
        D =
(L/2)2
tH
                                                   Equation 1.6 
Where, tH is time to extract half of the free electrons (s); L is electrode thickness.  
 
Stepped light induced transient measurements (SLIM), developed by Mori Nakade, 
have been well studied and successfully applied to measure electron lifetime and diffusion 
coefficient for DSSCs.7-10,119,120 As shown in Figure 1.12, the electron recombination (or 
diffusion) dynamics are characterized from the photovoltage (or photocurrent) transient 
signals which are triggered by a stepwise change of the laser intensity at the open circuit 





Figure 1.12 Scheme of stepped light-induced transient measurements of photocurrent and 
voltage 
 
For interpretation of electron lifetime measurements, the possible electron transfer 
and recombination processes at open circuit by connecting the solar cell with a high 
external resistance are schematically illustrated in Figure 1.13. The injected electrons in 
TiO2 (e
-
TiO2) can’t be efficiently extracted to the external circuit due to the open circuit 
condition. As dye regeneration is commonly fast enough leading to a negligible 
concentration of oxidized dye molecules (D+), the e-TiO2-D
+ recombination can be ignored 
here and geminate recombination is ultra-fast (not captured on these SLIM system). 
Therefore, the injected electrons will recombine with I3
- in surrounding electrolyte. The 
time constant (τ) obtained from the photovoltage decay is related to the electron 






Figure 1.13 Schematic of possible electron transfer and recombination for electron lifetime 
measurement at open circuit 
 
As for the diffusion coefficient measurement, the possible electron transfer is 
illustrated in Figure 1.14. The injected electrons in TiO2 can easily diffuse through the 
TiO2 film and be extracted to the external at short circuit condition. As mentioned above, 
the recombination between e-TiO2 and oxidized dye can again be ignored due to the 
negligible oxidized dye left from the fast regeneration. In addition, as the recombination 
of e-TiO2-electrolyte is commonly several orders of magnitude slower than the electron 
diffusion within TiO2, the injected electrons can be transported transport across the TiO2 
film and be extracted at the short circuit condition. The diffusion coefficient is calculated 











                                   Equation 1.7 
Where, tH=0.693τc.  
 
 
Figure 1.14 Schematic of electron transfer for diffusion coefficient measurement at short 
circuit 
 
The plots of typical photovoltage and photocurrent transients triggered by the 
stepwise decrease of light intensity are exhibited in Figure 1.15 a and b respectively. 
Four different light intensities are applied for the measurements. Both photovoltage decay 
curves and photocurrent decay curves can be fitted by a simple mono-exponential 
equation. 
 
 𝑉 = 𝐴 × exp (
−t
τ
) + 𝑉0                          Equation 1.8 
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𝐼 = 𝐴 × exp (
−t
τc
) + 𝐼0                          Equation 1.9 
Where, A is the difference of electron densities at initial and decreased light intensities, 
V is the open circuit voltage of the solar cell at initial light intensity, while V0 is the 
steady-state open circuit condition at lowered light intensity. Analogously, I is the short 
circuit current at initial light intensity, while I0 is the steady-state short circuit current at 
lowered light intensity.  
The electron lifetimes and diffusion coefficients derived from the photovoltage decay 
and photocurrent decay are also plotted in the insets of Figure 1.15 a and b respectively, 
which are consistent with other measurements, such as intensity modulated photocurrent 






Figure 1.15 Typical photovoltage (a) and photocurrent (b) transients inducted by stepped 
light intensity. Reproduced with permission from (Nakade, et al., Langmuir, 2005, 21 (23), pp 
10803-10807). Copyright (2005) American Chemical Society. 
 
In this thesis, the SLIM method will be employed to measure the electron lifetimes 
and diffusion coefficients of the mesoscopic perovskite solar cells because it is not a time-
consuming measurement which will not change the device performance during the tests.  
 The similar electron transfer and recombination processes are proposed in the 




1) At open circuit condition, as the electron extraction to the external circuit is 
blocked due to the open circuit condition, the injected electrons in TiO2 can only 
be recombined with either holes in perovskite (h+perovskite) or holes in the HTM 
(h+HTM). Due to the holes in perovskite being efficiently extracted by the HTM in 
the timescale of picosecond, the electron recombination of e-TiO2-h
+
perovskite will not 
be taken into account here.70,71 As such, the electron lifetime (τ) obtained from the 
photovoltage transient is related to the recombination between e-TiO2 and h
+
HTM.  
2) Under short circuit condition, the injected electrons in TiO2 are extracted by 




perovskite can again 
be ignored due to the faster hole extraction as mentioned above. Furthermore, the 
recombination dynamics between e-TiO2 and h
+
HTM is much slower (>µs) than the 
electron transport within TiO2. Thus, the diffusion coefficient can also be derived 
from the time constant (τc) obtained from the photocurrent transient.  
 
The case is however different in the mesoscopic perovskite solar cells, as compared 
to measuring electron lifetimes in solid-state dye sensitized solar cells (ss-DSSCs), as 
shown by Roiati et, al. and Kim et, al independently. The single exponential decays show 
poor fits with the recorded data, whereas bi-exponentials are more suitable, thereby giving 
two different time constants. The electron lifetimes of the PSC, which are in the similar 
timescale with the ss-DSSC, are suggested to derive from the recombination between 
electrons in TiO2 and holes in HTM.
122,123 The longer time constants of the PSC, about 
two orders of magnitude slower than the electron lifetimes of the ss-DSSC, could not be 
associated with any recombination processes. Bisquert et al. and O’Regan et al. proposed 
that the slower time components might be due to the moving dipoles or ion migration in 
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the perovskite.102,105 Therefore, the electron lifetime used in this thesis is specific to the 
recombination process between electrons in TiO2 and the holes in HTM, which is 
correlated to the short time constants. 
 
 
1.8 Upscaling of perovskite solar cells 
Benefiting from the simple and low-cost fabrication processes, and high efficiency 
obtained by the PSCs in the lab scale already, PSCs have attracted enormous attention 
from commercial interests.124 When aiming to produce PSCs at commercially relevant 
scales, the deposition techniques must be suitable for high throughput.125-132 The 
predominant technique used for lab scale deposition of perovskite and HTM layers is spin 
coating, which is unsuitable for large-area manufacture.133,134 Therefore, many alternative 
deposition routes have been employed to produce high-quality perovskite film in large 
scale, such as spray coating,130,135 blade coating,126,131 slot-die roll-to-roll coating,127 and 
also inkjet printing.128  
By using the spin coating method, the perovskite solar cells with an active area of 60 
cm2 in 10 cm by 10 cm module achieved a PCE of 8.7% already.136 However, it is not 
compatible with large-area device fabrication due to lack of uniformity from center to the 
corner and also waste of materials. Ramesh et al. has reported a uniform perovskite film 
with high surface coverage by spray coating of the perovskite precursor solution with a 
homemade airbrush.86 In addition, an ultrasonic spray coating was adopted by Das et al. 
to deposit perovskite films with high uniformity and surface coverage also in single-step 
method.91 Compared to spin coating technique, the spray coating process not only allows 
increasing the device dimension, but also can be applicable to flexible perovskite solar 
cells.137 Blade-coating techniques have been employed in either direct deposition of 
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perovskite by Yang et al.82 or air-assisted coating process by Razza et al. to obtain high-
quality perovskite films.87 The doctor blading method could result in larger crystalline 
grains, better-quality perovskite films and higher surface coverage, compared with spin 
coating, especially used in large-area devices.138 Based on the successful application in 
organic photovoltaics (OPVs) fabrication, the slot-die coating method with a gas-
quenching was selected for the fabrication of PSCs by Hwang et al.127 Similar to the blade 
coating, the slot-die coating process affords good control the film thickness, with minimal 
loss of materials.139,140 Furthermore, it’s a high-throughput deposition for either 
perovskite layer or hole transport layer, which makes it promising for roll-to-roll 
production of flexible devices. Originating from the manual infiltration of perovskite by 
drop casting the precursor solution on TiO2/ZrO2/C porous scaffold,
141,142 an air processed 
inkjet infiltration process has been further developed by Grätzel’s group to show the 
potential of fully printable PSCs.143 This printable design of carbon counter electrode is 
a promising alternative to the high-cost gold contacts, which helps to avoid the vacuum 
evaporation process. However, the upscaling fabrication of PSCs through different 
deposition techniques may introduce new problems, such as different uniformities and 
amounts of defects, and changed electronic properties of each films (perovskite, HTM), 
which lack of a direct comparison. Furthermore, as the device performance is decreasing 
with the increased device size, a systematic study about size effects is also required.  
 
 
1.9 The scope of the PhD thesis  
The aims of this thesis are to find a number of the key effects on photovoltaic performance 
of PSCs, depending on the different properties of each active layer, particularly the 
perovskite film and the hole conducting layer, thereby helping to understand the roles of 
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each components of the PSCs. Several questions are to be answered: 
1.  How do deposition methods and solvents influence on perovskite films and the 
devices’ performance;  
2. What is the origin of improved performance by using the HTM layer in PSCs, 
compared to HTM-free devices;  
3. Whether the HTM is necessary for achieving high-efficiency PSCs; 
4. How the LUMO levels of the HTMs effect the device performance; 
5. The degree to which pore infiltration is critical for PSCs; 
6. What are the specific role of the additives LiTFSI and tBP, and how this changes 
with different HTMs; 
7. How do these two additives, LiTFSI and tBP, influence other layers in PSCs; 
8. What are the underlying mechanisms, by which these additives effect on device 
performance; 
9. What is the influence of different deposition techniques (spin coating vs. doctor 
blading) on device performance is required to be compared directly;  
10. How does the device performance change with increasing the size of the active 
area?  
To answer these fundamental questions, based on the mesoscopic configuration (Figure 
1.16), the structure of this thesis is following:  
1. The morphologies of the perovskite films produced by single-step deposition 
method with two commonly used solvents, γ-butyrolactone (GBL) and 
dimethylformamide (DMF) are compared as well as the two-step deposition 
method with PbI2 in DMF solution. Their morphologies will be correlated with 
photovoltaic performance. The origins of these differences will be investigated 
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and explained with specific attention to electron recombination processes. 
(Chapter III) 
2. The importance of the HTMs is studied by fabrication of the HTM-free PSCs 
compared to the HTM containing devices, in terms of photovoltaic performance, 
light absorption, and electron lifetimes. In addition, the different HTMs with 
varied band gaps including spiro-OMeTAD, P3HT, and PCPDTBT (large, 
medium and small band gap respectively) have been employed in the PSCs. As 
they all have similar HOMO levels, the influence of LUMO levels on device 
performance will be correlated to the electron transfer and recombination 
processes. Furthermore, to re-evaluate the influence of pore filling of these three 
different HTMs incorporated in the PSCs, solid-state MK2 sensitized solar cells 
are fabricated with the same HTMs for comparison. (Chapter IV) 
3. To investigate the combinative effects of the additives, LiTFSI and tBP on 
different HTM based PSCs, the concentrations of the mixed additives are varied, 
and the origin of the performance change, especially on Voc and Jsc, will be studied 
through the measurements of electron transfer and recombination processes. 
(Chapter V) 
4. To further understand how LiTFSI and tBP effect on the device performance for 
PSCs, these additives are sequentially applied on top of each active layer including 
TiO2 layer, perovskite film, and HTM layer. In addition, the PSCs prepared with 
individual LiTFSI or tBP will be studied according to their different photovoltaic 
parameters. (Chapter V) 
5. The doctor blading technique has been employed to fabricate the larger area PSCs 
in as it is direct analogous to slot-die coating (roll to roll) and has low wastage of 
materials. The PSCs prepared by spin coating technique have been compared to 
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the doctor bladed ones in both small size (with an active area of 0.09 cm2) and 
large size (with an active area of 2 cm2). (Chapter VI) 
6. The evaluation of the scalability for each technique (spin coating and doctor 
blading) will be partially addressed at an intermediate size (Figure 1.17) by 
increasing the substrate size from 20 mm×25 nm to 50 mm×50 mm. (Chapter VI) 
 
 








For clarification, this thesis is not specifically targeting for a high-efficiency PSC, but 
will be focused on the fundamental issues raised as above. The hysteresis effects induced 
by the scan direction is not large enough to significantly influence results throughout this 
thesis. This is demonstrated in Chapter II, along with device stabilities over the course of 
four weeks, where it is seen that little change occurs within the time between device 
manufacture and characterization. Although long-term stability is a critical issue for 
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2.1 Chemical reagents and materials 
Table 2.1 Chemicals and materials used in experimental work 
Name Company Description 
FTO glass, 2.2 mm Hartford 7 Ω/square 























Lead iodide (PbI2) Lumtec 99.999% 







































Gold (Au) Ted Pella 99.95% 
Gold (Au) AGS/PJW 99.99% 
Silver (Au) Ezzi 99.99% 
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Aluminium (Al) Ezzi 99.99% 
Silver paint Ted Pella − 
Surlyn  Solaronix 60 µm thick 











2.2 Fabrication of mesoscopic perovskite solar cells  
The configuration of the mesoscopic perovskite solar cell consists of several layers, 
including patterned FTO glass, compact TiO2 (cp-TiO2), mesoporous TiO2 (mp-TiO2), 
perovskite layer, hole transport material (HTM) layer and metal counter electrode as 
shown in Figure 2.1. The fabrication process follows the steps (details in subsequent 
sections): 
1. Patterning the FTO glass by laser etching (Section 2.2.1) 
2. Cleaning the patterned FTO glass (Section 2.2.2) 
3. Spray pyrolysis of cp-TiO2 layer handheld used in Chapter III, IV, V), or 
SONOTEK spray coating used in Chapter VI (Section 2.2.3) 
4. Screen printing of mp-TiO2 layer and TiCl4 post-treatment (Section 2.2.4) 
5. Deposition of CH3NH3PbI3 perovskite layer (Section 2.2.5) 
6. Deposition of the HTM layer (Section 2.2.5) 
7. Removing the excess materials and thermal evaporation of metal contacts 
(Section 2.2.6) 
8. Encapsulating the perovskite solar cells (Section 2.2.7) 





Figure 2.1 Schematic of the device configuration with each layer 
 
 
2.2.1 Patterning of FTO glasses 
The 110 mm ×110 mm sheets of FTO glass are patterned by laser etching using a 
PLS6MW laser system (Universal) as shown in Figure 2.2. The fiber laser (1.06 µm, 100 
W) beam combined with a high power density focusing optics (HPDFO) lens is applied 
in this system with the following setting parameters: laser power: 100 %, speed: 5%, 
frequency: 150 kHz, height (z): 2.2 mm. The schematic of patterned FTO glass plate is 
illustrated in Figure 2.3. The width of laser etched line is 3 mm, and the resistance of the 
etched part is over 100 MΩ (ie could not be recorded on a multimeter). The space of FTO 





Figure 2.2 Photograph of UNIVERSAL laser engraver 
 
 




2.2.2 Cleaning of the patterned FTO glasses 
The patterned FTO glass plates are sequentially cleaned with soapy water, acetone, and 
then ethanol in an ultrasonic bath for 20 minutes each. The cleaned glasses are dried under 
compressed air flow, then followed by exposure to UV-Ozone for 20 minutes.  
 
 
2.2.3 Spray coating of cp-TiO2 layer  
2.2.3.1 Handheld spray pyrolysis 
Titanium diisopropoxide bis(acetylacetonate), 75% in isopropanol (Aldrich) is diluted in 
absolute ethanol with a volume ratio of 1:19 (yielding a concentration of 0.102 M) as the 
TiO2 precursor solution. Two patterned FTO glass slices are heated to 450 ºC on a high 
temperature hotplate, and the exposed FTO surface is sprayed with 10 ml of the as-
prepared TiO2 precursor solution.  
 
2.2.3.2 SONOTEK spray coating system  
In Chapter VI, the SONOTEK spray coating system (Figure 2.4) is employed to deposit 
the cp-TiO2 layer. The same concentration of TiO2 precursor solution (0.102 M) is 
prepared for using as in section 2.2.3.1. The etched FTO glass slices are pre-heated to 500 
˚C on a high temperature hotplate. An ultrasonic nozzle with a frequency of 60 kHz is 
used here. The working distance between the spray nozzle from the glass sheet is kept at 
10 cm. The flow rate of the prepared precursor solution is 1 ml/min, assisted with a carrier 
air at 100 kPa. The automatic spray is conducted in a linear process in both crosswise (x) 
and lengthwise (y) directions (Figure 2.5). The spraying speed is 100 mm/s and the 
spraying line spacing is controlled to be 5 mm.  
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The SONOTEK spray parameters have been preliminary optimized and tested by coating 









Figure 2.5 Schematic of the spray pattern 
 
 
2.2.4 Screen printing of mp-TiO2 layer and TiCl4 treatment 
2.2.4.1 Screen printing  
90 T TiO2 paste (Dyesol) is diluted in terpineol (Sigma-Aldrich) with a weight ratio of 
1:1. The diluted TiO2 paste is applied onto a custom made 180 T mesh screen (Leapfrog 
Inkspot) and then printed onto the patterned FTO glass sheet with the screen printer 
(Keywell semi-auto) as shown in Figure 2.6 and Figure 2.7. The printed glass plate is 
carefully removed and left in a closed petri-dish for 5 minutes to allow the film to relax 
and remove mesh patterns before being sintered on the high temperature hotplate with the 
program as shown in Table 2.2. After cooling down to room temperature, the prepared 
TiO2 substrates are cut down into the small slices with a size of 20 mm ×25 mm. The 





Table 2.2 Sintering program for mp-TiO2 
 Step 1 Step 2 Step 3 Step 4 Step 5 
Ramp (min) 10 15 5 7 5 
Temperature (°C) 150 325 375 450 500 
Duration (min) 10 5 5 30 15 
 
 






Figure 2.7 Photograph of the Keywell semiautomatic screen printer 
 
2.2.4.2 TiCl4 treatment 
2.0 M of TiCl4 solution (aq.) is diluted to a concentration of 0.02 M with distilled water. 
Sintered TiO2 substrates are then immersed into this diluted TiCl4 solution and heated to 
70 °C for 30 minutes. After this, the TiO2 substrates are rinsed by water and ethanol 
sequentially, then dried by the compressed air flow, followed by being sintered at 500 °C 
on the high temperature hotplate for 30 minutes.  
 
 
2.2.5 Deposition of CH3NH3PbI3 perovskite and HTM layers 
As the CH3NH3PbI3 perovskite material and HTMs are very sensitive to humidity, the 
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deposition processes in section 2.2.5.1-2.2.5.3 are performed in a controlled atmosphere 
box (humidity ≤ 10%) with flowing dry argon as shown in Figure 2.8. 
 
 
Figure 2.8 Photograph of purging box for perovskite film and HTM film deposition 
 
2.2.5.1 Single-step deposition of CH3NH3PbI3 perovskite by spin coating  
A 1.2 M of CH3NH3PbI3 perovskite precursor solution is prepared by mixing PbI2 and 
CH3NH3I with a molar ratio of 1:1 in either γ-butyrolactone (GBL) or DMF stirring at 70 
°C in the glovebox overnight, based on the method reported in [1]. The prepared 
perovskite precursor solution is spin coated onto the TiO2 substrate at a spin speed of 
2000 rpm for 30 s, followed by annealing at 100 °C for 10 min on the hotplate to form 
the CH3NH3PbI3 perovskite film.  
 
2.2.5.2 Sequential deposition of CH3NH3PbI3 perovskite  
A 1.0 M PbI2 solution is prepared by dissolving 462 mg of PbI2 in 1 ml of DMF by stirring 
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at 70 °C overnight in the glovebox. Then a 10 mg/ml of CH3NH3I in isopropanol solution 
is also prepared in the glovebox at the room temperature. The PbI2 solution is deposited 
on the TiO2 film by spin coating at 2000 rpm for 30 s, followed by annealing at 70 °C for 
30 min. After cooling down, the PbI2 film is immersed into the CH3NH3I solution for 60 
s, and the CH3NH3PbI3 perovskite film forms which can be seen as the film turns from 
yellow into dark brown. Then the formed perovskite film is rinsed by the anhydrous 
isopropanol quickly, then annealed at 70 °C for 30 min again. This deposition method is 
based on [2]. In Chapter VI, this method is adapted for doctor blading.  
 
2.2.5.3 Spin coating of HTM layer 
Either 180 mg of spiro-OMeTAD, 15 mg of P3HT or 15 mg of PCPDTBT are dissolved 
in 1ml of chlorobenzene by stirring at 70 °C in the glovebox. Lithium 
bis(trifluoromethylsulfonyl)imide (LiTFSI) (520 mg/ml in acetonitrile) and tert-Butyl 
pyridine (tBP) are added to these HTM solutions at different concentrations (stated in the 
relevant chapters). The HTM layers are deposited by spin coating the HTM solution at a 
spin speed of 3000 rpm for 30 s. To clarify, the overnight-oxidation process of spiro-
OMeTAD is not involved in the fabrication procedure of perovskite solar cells used in 
this thesis, due to the oxidation state can be hard to control leading to the inconsistence 
of the experiments.  
 
2.2.5.4 Deposition of perovskite and HTM layer by doctor blading  
In Chapter VI, an Erichsen doctor blade system (Figure 2.9) is empolyed to deposit both 
perovksite film and P3HT film for fabrication of the larger scale perovskite solar cells. 
The deposition processes are all conducted on a heated plate at 70 °C with a coating speed 






Figure 2.9 Photograph of the Erichsen doctor blading system 
 
 
2.2.6 Removal of the excess perovskite/HTM and thermal evaporation 
of the metal contact 
The excess perovskite and HTM is removed by using anhydrous acetone and 
chlorobenzene sequentially with cotton buds. Following this a 60 nm of gold electrode is 
deposited on the top of HTM layer by thermal evaporation (Figure 2.10) through a 
shadow mask with three parallel pixels. The active area for each pixel is 3×3 mm2. The 
evaporation rate is kept at 0.1 Å/s for the first 5 nm.  From 5 to 30nm, the evaporation 
rate is raised up to 0.5 Å/s. After reaching 30 nm, the evaporation rate is gradually 
increased to 1.0 Å/s. The whole evaporation process is performed < 10-6 torr vacuum. The 





Figure 2.10 Photograph of thermal evaporator 
 
 




2.2.7 Encapsulation  
2.2.7.1 Surlyn gasket 
The encapsulation process is performed in the glovebox. A microscope slide is cut to 14 
mm × 25 mm and attached to the device, using a Surlyn gasket and put on a hotplate at 
150 °C to seal. The schematic of the cross-sectional device with encapsulation is shown 
in Figure 2.12. 
 
 
Figure 2.12 Schematic of a cross-sectional PSC with encapsulation 
 
2.2.7.2 Cavity PMMA glasses 
The cavity PMMA glasses are prepared by laser engraving (PLS6MW) with a CO2 laser 
(10.6 µm) beam. The perovskite solar cells in Chapter VI are encapsulated with the 
custom cavity PMMA glasses by using AB epoxy in the glovebox. 
 
2.2.8 Making electrical connections 
As gold contacts are not mechanically robust, silver paste is painted onto each contact 
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2.3 Characterization of films 
2.3.1 UV-visible absorption 
UV-visible (UV-vis) absorption spectroscopy is performed to measure the absorbance of 
the perovskite, and hole transporting materials in the film state coated on TiO2 substrates 
using a Shimadzu UV-3600 spectrophotometer. The absorbance of compact TiO2 film 
coated on FTO glass is measured by a Shimadzu UV-1800 spectrophotometer.  
 
2.3.2 Scanning electron microscopy (SEM) 
The film morphologies of perovskite (Chapter III, Chapter VI), compact TiO2 
(Chapter VI), and P3HT (Chapter VI) are characterized by a SEM (JEOL-7500).  
 
2.3.3 Stylus profilometry  
The thicknesses of mesoporous TiO2 film, perovskite capping layer, and hole transporting 
layers are determined by a stylus profilometer (Veeco Dektak150). The scan length is set 
to be 4000 µm with a duration of 40 s. The force applied on the film is 0.10 mg. Each 
thickness is averaged from three scans of different positions on the same film. 
 
2.3.4 Electrochemistry 
Cyclic voltammetry (CV) of hole transport material (HTM) films is performed with a 
three-electrode system using an eDAQ (BVI) instrument. The neat HTM solutions are 
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spin coated onto the ITO glass slices with an active area of 1 cm2. These HTM coated 
ITO glasses are used as the working electrodes. A platinum mesh is employed as the 
counter electrode, and a standard Ag/AgNO3 (0.1 M) in acetonitrile is used as the 
reference electrode. 0.1 M of tetrabutylammonium perchlorate (TBAP, Sigma-Aldrich) 
in acetonitrile is prepared as the supporting electrolyte. The scan rate is 50 mV/s.  
 
2.3.5 Resistance measurements 
The resistance of each HTM film is tested by a Four-Point Probe setup consisting of a 
Keithley 2400 multimeter in 4 wire sense mode and homemade four finger probes. The 
four finger probes exhibited in Figure 2.13 contains four equally spcaed (1.5 mm) gold 
contacts with a length of 1 cm on a plain glass. The HTM films are prepared by spin 
coating of the HTM solutions on microscopy glass slices with a rough thickness of 200 
nm, and then coated with four gold fingers by thermal evaporation with the same spacing. 
The probes are gently mounted on the prepared HTM film, and clipped for a secure 
connection. The resistances are directly recorded by the digital multimeter. 
 
 





2.4 Characterization of mesoscopic perovskite solar cells  
2.4.1 Current density-voltage measurements  
The current density-voltage (J-V) characteristics are measured using a Keithley 2400 
source measure unit with a simulated 100 mW/cm2 AM 1.5G solar simulator (PV 
measurement). For the J-V measurements carried out in Chapter III, another solar 
simulator (Newport) was employed. A 3 mm × 3 mm metal aperture is used to define the 
active area. During J-V measurements, the voltage is swept from positive potential to 
negative (0.9 V to -0.1 V) which is defined as reverse scan, and the scan rate is 10 mV/s. 
Each device is measured with the reverse scan for three times under illumination, then 
tested with the forward scan (-0.1 V to 0.9 V) once. Afterward, the dark J-V is measured 
by sweeping the voltage from 0.9 V to -0.1 V in the dark. Four key parameters directly 
obtained from the J-V measurements are i) open circuit voltage (Voc), ii) short circuit 
current density (Jsc), iii) fill factor (FF), and iv) the power conversion efficiency (PCE). 
As mentioned in section 1.7.1, the J-V hysteresis depending on scan direction may 
heavily effect on the shape of J-V curves, thereby obtaining a large variation in Jsc, Voc, 
and fill factor. Referring to the literature, the scan rate does have an evident effect on the 
result of J-V curves.3,4  As the slow voltage-scan gives rise to a response time of current 
flow for slow processes within the device, the result obtained is closer to the steady-state 
output, and the hysteresis effect is less pronounced. Therefore, the slow scan rate of 10 
mV/s has been used for all J-V measurements here. To clarify the minor J-V hysteresis 
behavior for the prepared PSCs in this thesis, an example of the J-V curve obtained from 





Figure 2.14 An example of the effect of scan directions upon a mesoscopic perovskite solar 
cell 
 
The stability of the prepared PSCs with encapsulation stored in an enclosed box 
(relative humidity: 20~30%, room temperature) are also checked over a period of four 
weeks as shown in Figure 2.15. The major decrease of device performance starts from 
the 4th day after fabrication. Therefore, all device characterization of PSCs in this thesis 
are carried out within two days, directly after fabrication (Day 0) or one day after 






Figure 2.15 Stabilities of the PSCs over a four-week period 
 
 
2.4.2 Incident photon-to-current conversion efficiency 
The incident photon-to-current conversion efficiency (IPCE) is measured under 
monochromatic light with a QEX10 quantum efficiency measurement system (PV 
Measurement, Colorado) in the direct current (DC) mode. The light wavelength (λ) scans 
from 300 nm to 800 nm with an increment of 5 nm. The measurement period is 0.3 s for 
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each of 3 readings per wavelength. The delay time after changing wavelength is set to be 
5 ms. A Si diode (Thorlabs, LMR1/M) is used for calibration of the EQE system.  
 
 
2.4.3 Electron lifetime and diffusion coefficient  
Stepped light-induced measurements of photocurrent and photovoltage (SLIM-PCV) are 
employed to measure the electron lifetime and diffusion coefficient.5 The schematic of 
SLIM-PCV setup is shown in Figure 2.15. The perovskite solar cell is again masked by 
a 3 mm × 3 mm metal aperture before testing. A 635 nm laser diode is used as the 
illumination source combined with a lens used to adjust the spot size and direction of the 
laser beam. A data acquisition (DAQ) board connected to a computer is used to control 
the laser intensity. The V-I mode switch box containing two resistances, 0.5 Ω and 10 
MΩ is applied to select the photocurrent transient measurement (I mode) or photovoltage 
transient measurement (V-mode) respectively. The small photocurrent or photovoltage 
perturbations induced by lowering of the laser intensity are recorded by a multimeter 
(ADCMT 7461A) connected to the computer. For electron lifetime measurements, a 
photovoltage decay less than 1 mV is triggered by decreasing the laser intensity at the 
open circuit condition in V mode. Electron lifetimes are obtained by fitting the data with 
a bi-exponential decay. For the measurement of diffusion coefficient, a photocurrent 
decay less than 10% is triggered by reducing the laser intensity at the short circuit 
condition in I mode. The diffusion coefficients are also found by use a bi-exponential 







Figure 2.16 Schematic of electron lifetime and diffusion coefficeint measurements 
 
Figure 2.17 shows an example of the fitting process for a transient photovoltage 
decay curve of the PSC. Instead of the mono-exponential equation (Equation 2.1), 
typically used to analyse DSSCs, but seen to not fit PSC data well, the transients can be 
fitted by a bi-exponential equation (Equation 2.2), obtaining two time constants (τ1, τ2) as 
illustrated in Figure 2.18. 
 
𝑦 = 𝐴1 × exp (
−x
τ1
) + 𝑦0                                          Equation 2.1 
𝑦 = 𝐴1 × exp (
−x
τ1
) + 𝐴2 × exp (
−x
τ2




Figure 2.17 An example of transient photovoltage decay curve for a PSC fitted by either a 
mono-exponential or a bi-exponential equation. Inset: Fitting parameters found using 
Origin function. 
 
As mentioned in section 1.6.2, there are several complicated charge transfer and 
recombination processes occurring within the perovskite solar cells. The SLIM setup has 
limitations to record each process accurately. In this thesis, it has only been applied to 
investigate a specific process within a timescale of millisecond, which is referred to the 
electron recombination between electrons in TiO2 and holes in the HTM under open 
circuit condition.  
The electron lifetimes of a solid-state dye sensitized solar cell (ss-DSSC) are used for 
comparison in Figure 2.18. The shorter electron lifetimes (τ1) of the PSC are in the similar 
timescale with that of ss-DSSC derived from the recombination of electrons in TiO2 with 
holes in the HTM. The longer electron lifetimes (τ2) of the PSC (about two orders of 
magnitude longer than τ1) which are attributed to the slow dynamic of moving dipoles or 
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ions,6 will not be directly considered in this thesis.  
 
 
Figure 2.18 Electron lifetime as a function of Voc, derived from the exponential fitting of 
photovoltage transients. The electron lifetimes of a solid-state DSSC (blue, triangles) have 
been compared to the PSC (τ1: black, squares and τ2: red, cycles). 
 
 
The example of photovoltage transients of a PSC measured at open circuit condition 
using four different laser intensities are plotted in Figure 2.19 with well fitted bi-
exponential curves (Laser intensity 1: red, Laser intensity 2: blue, Laser intensity 3: 




Figure 2.19 Example of Voc transients induced by the decreased laser intensities, showing 
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3 Chapter III Effect of deposition 
methods and solvents for CH3NH3PbI3 





3.1 Introduction  
The morphology of the CH3NH3PbI3 perovskite active layer is a key issue for solution-
processed perovskite solar cells in both planar heterojunction and mesoscopic 
configurations.1,2 It is highly dependent on the processing conditions, including 
deposition methods, solution concentrations, annealing temperature, solvent, and special 
treatments including anti-solvent treatment, gas-assisted treatment, and additive 
treatment.3-8 The processing condition in turn can influence the crystallinity, phase purity, 
crystal size and stability of the perovskite material.  
In this chapter, two methods for CH3NH3PbI3 deposition are compared:  
i) A one-step deposition from a dimethylformamide (DMF) solution;  
ii) A sequential deposition involving first the deposition of PbI2 from a DMF 
solution by spin coating, followed by the formation of CH3NH3PbI3 perovskite 
film via dipping the PbI2 film into a methyl ammonium iodide (CH3NH3I) 
solution.9,10 
A schematic of these two deposition processes for CH3NH3PbI3 films are illustrated 
in Figure 3.1. All perovskite solar cells fabricated in this chapter are based on the 
architecture of mesoscopic DSSC, FTO glass/compact TiO2/mesoporous 
TiO2/perovskite/spiro-OMeTAD/Au. 
It was reported that the sequential deposition leads to a better control of perovskite 
capping layer on the top of the TiO2 layer leading to an enhanced light absorption and a 
reduced electron recombination, thereby resulting in an improved photovoltaic 
performance. However, direct comparison between single-step perovskite deposition 
from DMF and sequential deposition from DMF has not been reported at the beginning 





Figure 3.1 Schematic of perovskite film deposition processes. 
 
To compare these approaches, a combination of experiments using UV-vis 
spectroscopy, scanning electron microscopy (SEM), photovoltaic performance testing 
and stepped light-induced measurements of photovoltage decay are carried out on 
perovskite active layers either deposited in single step or in sequential steps as explained 
above. At the start of this project, the perovskite film is deposited from γ-butyrolactone 
(GBL) solution (Figure 3.1a). Later on (Figure 3.1b), the solvent is changed to DMF 
due to the better solubility,6 so devices made from two different solutions, namely GBL 
and DMF, are also compared. Furthermore, contact angle measurements are performed 




3.2.1 Substrate preparation  
The FTO glass was patterned by laser, and cleaned with soapy water, acetone, and ethanol 
sequentially. A compact TiO2 (cp-TiO2) blocking layer was deposited by manually spray 
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coating of ~0.1 M diluted titanium diisopropoxide bis(acetylacetonate) solution. A 
submicron-thick mesoporous TiO2 (mp-TiO2) film was prepared by screen printing of 1:1 
weight ratio diluted TiO2 paste (90T, Dyesol) in terpineol. The FTO/cp-TiO2/mp-TiO2 
glass sheet was cut down to size (20 mm × 25 mm), following by a TiCl4 treatment 
directly before using.  
 
 
3.2.2 Preparation of solutions for active layer and hole conductor 
material  
For the single-step perovskite deposition, 1.2 M of methyl ammonium lead tri-iodide 
perovskite precursor solution was prepared by mixing PbI2 (Lumtec) and methyl 
ammonium iodide (Dyesol) in 1:1 molar ratio in γ-butyrolactone (GBL). A perovskite 
precursor solution was also prepared in DMF with the same concentration. For the first 
step of sequential deposition, 460 mg of PbI2 was dissolved in 1 ml of DMF. All these 
three solutions were left stirring at 70 °C overnight in glove box. For the second step of 
sequential deposition method, 10 mg/ml of MAI in isopropanol solution was prepared 
immediately before device fabrication at room temperature. 180 mg of spiro-OMeTAD 
(Lumtec) was dissolved in 1ml of chlorobenzene at 70 °C for 30 min. 30 μl of tert-Butyl 
pyridine (tBP), and 17 μl of lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) (520 
mg/ml in acetonitrile) were added into spiro-OMeTAD solution. 
 
 
3.2.3 Device fabrication  
Single-step deposition: The MAPbI3 precursor solutions were deposited onto TiO2 
substrates using spin coating at 2000 rmp for 30 s, and annealed at 100 °C for 10 min. 
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Sequential deposition: The PbI2 solution was deposited onto TiO2 substrates using spin 
coating at 2000 rmp for 30 s, and annealed at 70 °C for 30 min. After this, the PbI2 film 
was dipped into MAI solution for 60 s, rinsed with isopropanol and annealed at 70 °C for 
30 min.  
The hole transport layer (for devices following both single and the sequential 
deposition methods) was deposited by spin coating the spiro-OMeTAD solution at a spin 
speed of 2000 rmp for 30 s. The spin coating and annealing processes were performed in 
a home-made operation box with a controlled humidity (≤ 10%) by flowing dry argon. A 
60 nm-thick gold contact was deposited by thermal evaporation. Before testing, the 
devices were encapsulated with a Surlyn gasket in an Argon filled glove box. 
 
 
3.2.4 Characterization  
Current density-voltage (J-V) measurements were performed using a Keithley 2400 
source measure unit using simulated sunlight (100 mW/cm2 AM 1.5G) (Newport). A 3 
mm × 3 mm metal aperture was used to define the active area. During J-V measurements, 
the voltage was swept from 0.9 V to -0.1 V, and the scan rate was 10 mV/s. All devices 
were measured 3 times.  
Incident photon to current conversion efficiency (IPCE) was measured with a QEX10 
quantum efficiency measurement system in DC mode. The light wavelength (λ) was 
scanned from 300 nm to 800 nm with an increment of 5 nm. The measurement period was 
0.3 s for each of 3 readings per λ, with a delay time of 5 ms after changing λ. 
The CH3NH3PbI3/TiO2 films prepared as in section 3.2.3 were characterized by UV-




Scanning Electron Microscopy (SEM) was performed on JEOL JSM-7500FA with 




3.3 Results and discussion  
3.3.1 UV-vis spectroscopy 
 
Figure 3.2 UV-vis absorbance spectra of perovskite films coated on TiO2 substrates using 
single-step GBL solution (black), DMF solution (red), and sequential deposition (blue). 
The absorbance of TiO2 substrate is subtracted already. 
 
The UV-vis absorbance spectra of CH3NH3PbI3/ TiO2 films plotted in Figure 3.2 are 
calculated using the Equation 3.1, where T is the transmittance and A is the absorbance. 
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 A= -log10T Equation 3.1 
 
The perovskite film made by the sequential deposition shows the highest absorbance 
among these three films. It reaches maximum absorption values, approaching the 
measurement limit of 4.0 – 5.0, at the wavelength range of 350-500 nm. The CH3NH3PbI3 
film prepared by the single-step deposition from a DMF precursor solution exhibits 
weaker light harvesting compared to the films obtained by the sequential deposition. 
Comparing between the films deposited using the single step methods, the films deposited 
from DMF solutions shows stronger light harvesting compared to the film prepared from 
a GBL precursor solution. Higher absorbance suggests that more perovskite was 
deposited inside and on top of the TiO2 scaffold. The absorbance of all three films at the 
wavelength of 800 nm doesn’t decrease to zero. Since the reported bandgap of 
CH3NH3PbI3 corresponds to 827 nm,
11 the non-zero baseline at the wavelengths over 800 







3.3.2 SEM characterization of film morphology and pore filling 
 
Figure 3.3 Top-view SEM images of CH3NH3PbI3 perovskite coated on TiO2 substrates 
from single-step GBL solution (a, b), single-step DMF solution (c, d), and sequential 
deposition (e, f) 
 
Figure 3.3 presents the top-view SEM images of the CH3NH3PbI3 films formed from 
single-step and sequential deposition, coated on TiO2 substrates. SEM images clearly 
show that the surface coverage of the perovskite on the top of the TiO2 film prepared by 
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single-step deposition (GBL solution) is incomplete, with a patchy, non-uniform 
perovskite capping layer visible (Figure 3.3a, b). The film deposited from single-step 
(DMF solution) shows an increased surface coverage, however the structures are micro-
meter-sized, and less uniform (Figure 3.3c, d) compared to sequential deposited films 
(Figure 3.3e, f). In addition to providing the best surface coverage on the top of TiO2 
film, the perovskite films made using sequential deposition also show more uniform shape 
and smaller crystallites with the typical sizes of 150-200 nm. The trend of completeness 
of surface coverage of TiO2 by the perovskite is sequential > single-step (DMF) > single-
step (GBL), which is in accordance with the changes observed in the UV-vis absorption. 
The sequential deposition method yields a smoother, controlled-deposition of perovskite, 
which is expected to be better for solar cells’ performance by increasing light absorption 
as well as forming a more suitable interface with the hole transport layer.  
 
 
3.3.3 Photovoltaic parameters 
Table 3.1 Photovoltaic parameters of devices fabricated with different deposition methods 
Deposition Voc (V) Jsc (mA/cm2) Fill factor Efficiency (%) 
Single-step (GBL) 0.68 ±0.02 12.2 ±0.8 0.54 ±0.03 4.5 ±0.5 
Single-step (DMF) 0.73 ±0.02 15.3 ±1.2 0.52 ±0.04 5.8 ±1.1 





Figure 3.4 Summary of photovoltaic parameters for perovskite solar cells using single-step 
and sequential deposition of CH3NH3PbI3 perovskite films with standard deviations 
 
The photovoltaic parameters of perovskite solar cells made using single-step and 
sequential deposition methods are summarized in Table 3.1 and Figure 3.4. The average 
values and standard deviations are calculated based on 6 pixels selected from three 
individual devices excluding any obviously short circuited ones. The devices made using 
sequential deposition obtain the highest short circuit current density (Jsc) of 18.6 mA/cm
2, 
the highest open circuit voltage (Voc) of 0.762 V and the highest power conversion 
efficiency (PCE) of 7.8 %. Moreover, the standard variation of the measured parameters 
is also lower compared to the single-step deposition methods. Devices made from DMF 
solution via single-step deposition show a decreased performance compared to the 
devices made using sequential deposition. The average Voc (0.727 V) and FF (0.52) of 
perovskite solar cells using single-step DMF solution is the same, with experimental error 
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compared to those of using the sequential deposition, however, the Jsc is lower on average 
by 3.3 mA cm-2. This can be attributed to the lower light absorbance by this film.  
The performance of PSCs using single step deposited perovskite (DMF) exceeds that 
of using a GBL solution. The average Voc is 50 mV higher than that of using single-step 
GBL solution (0.683 V). Moreover, the average Jsc (15.3 mA/cm
2) and PCE (5.8 %) of 
devices made from single-step DMF solution surpass the Jsc (12.2 mA/cm
2) and PCE (4.5 
%) results of PSCs made from GBL solution. Among these three conditions, the devices 
using single-step DMF solution display the largest amount of standard variation, which 
can be attributed to the non-uniformity of active layers. The average fill factors of all 
three types of devices (below 0.60) are quite low, attributed to the low conductivity of the 
hole transport material spiro-OMeTAD.13  
Based on this result, the sequential deposition might be a good choice for upscaling, 
but have to check the scalability in Chapter VI.  
 
 





Figure 3.5 J-V curves of PSCs made using single-step GBL solution (black), single-step 
DMF solution (red), and sequential (blue) deposition under 1 sun illumination. 
 
Table 3.2 Shunt resistance and series resistance calculated from J-V curves 
Resistance Single-step 
(GBL) 
Single-step (DMF) Sequential (DMF) 
Rshunt (Ω/cm
2) 2600 ±300 6700 ±200 7800 ±300 
Rseries (Ω/cm
2) 102 ±15 130 ±38 101 ±12 
 
 
The current-voltage (J-V) curves of the devices showing the closest PCE to the calculated 
average (Table 3.1) are displayed in Figure 3.5. An improvement in both Jsc and Voc of 
the device using the sequential deposition (Seq) is observed compared to single-step 
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deposition (Sin). The Jsc of the device made from Seq exhibits 40% and 23% higher value 
than that made from single-step GBL solution (Sin_GBL) and single-step DMF solution 
(Sin_DMF), respectively. The increase of Jsc in the order of single-step (GBL) < single-
step (DMF) < sequential (DMF), is expected due to the enhancement of the light 
absorption and charge collection. The same increasing trend of Voc values is proposed to 
originate from the decreased electron recombination and the increase of electron density. 
The shunt resistance (Rshunt) and series resistance (Rseries) of the corresponding devices 
listed in Table 3.2 are calculated from the slopes of the data points adjoining to the short 
circuit and the open circuit conditions, respectively. The sequential-deposited device 
obtains the highest Rshunt of 7.8 × 10
3 Ω/cm2. The lowest Rshunt of 2.6 × 10
3 Ω/cm2 is 
obtained by the device made from single-step GBL solution. The lower value of Rshunt 
implies more conductive pathways between the TiO2 and the spiro-OMeTAD or the 
evaporated gold back contact, resulting from the poor surface coverage of perovskite on 
TiO2. This leads to increased losses to the power conversion efficiency of the solar cells 
due to additional recombination pathways (see section 3.3.5 below for electron lifetime 
measurements). In addition, the Rseries of PSCs made from sequential deposition, single-
step GBL solutions and DMF solutions are 101 Ω/cm2, 102 Ω/cm2 and 130 Ω/cm2 on 
average, respectively. Considering their standard deviations, the difference in series 
resistances for these devices is not significant. Therefore, the high Rshunt in sequential 
deposited PSCs and single deposited DMF could lead to a a high Voc, and fill factor 





Figure 3.6 Dark current-voltage characteristics of PSCs made using single-step GBL 
solution (black), single-step DMF solution (red), and sequential (blue) deposition 
 
Dark J-V curves of the perovskite solar cells made from different deposition methods 
are displayed in Figure 3.6. The onset of the dark current of Sin GBL device occurs at 
the lowest reverse bias compared to the Sin-DMF device and the Seq device which 
indicates that the Sin GBL device has a larger injection current and conductivity pathway 
for current flow as explained above. In addition, the Seq device with a more complete 
perovskite surface coverage and improved uniformity exhibits a better diode 
characteristic with a higher rectification ratio in the dark. The sharper current turn-on of 





Figure 3.7 IPCE spectra of PSCs made using single-step GBL solution (black), single-step 
DMF solution (red), and sequential (blue) deposition. 
   
Figure 3.7 shows the incident photon-to-current conversion efficiency (IPCE) spectra 
of the devices made by sequential and single-step deposition methods. The results 
integrating IPCE are in good agreement with the Jsc values obtained by the J-V tests. All 
devices show photocurrent response within the wavelength range from 300 nm to 800 
nm. The IPCE value of the sequential deposited device reaches a maximum of 82 % at 
500 nm, with high IPCE values over 80 % within the wavelength region of 425 nm to 625 
nm. The superior IPCE values for the perovskite film prepared by the sequential method 
can be attributed to its better light absorption due to higher loading of the perovskite 
materials (Figure 3.2, Figure 3.3). The device made from single-step DMF solution 
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exhibits a maximum IPCE value of 73 % at 500 nm, whereas the device made from GBL 
reaches a maximum IPCE of 70 % at 470 nm. As shown in Figure 3.2, the absorbance of 
perovskite films (A) at the wavelength of 400 nm are all above 2. If the light harvesting 
efficiency (LHE) can be roughly estimated as the equation: LHE=TFTO × (1-10
-A), the 
difference of the LHEs for sequentially deposited perovskite films and single-step 
deposited films can be calculated as follow,  
LHE(seq)=82% × (1-10-5) ≈82% 
LHE(sin)=82%× (1-10-2) ≈81%, 
which cannot explain a 10% difference in IPCE values. 
Therefore, the lower IPCE values at the peak of the IPCE (almost all the light is absorbed) 
suggest decreased charge generation / collection losses in the single-step deposited films. 
Based on this, light harvesting efficiency by the perovskite materials may not be the only 
influence on their lower performance.  
Comparing singe-step deposition methods from the two different solvents, the IPCE 
values at the wavelength range between 300 nm and 420 nm are nearly identical, followed 
by higher values in the device made from DMF. As the light harvesting of perovskite film 
made from DMF solution is higher than that of made from GBL solution, the photocurrent 
response in the Sin DMF device is higher than that in the Sin GBL device.  
 
 




Figure 3.8 Open circuit voltage decay induced by stepped laser intensity for the sequential 
deposited device 
 
The electron lifetime is measured at open circuit (Voc) under four different laser intensities 
corresponding to four different steady-state Voc values as shown in Figure 3.8. The 
difference between the steady-state Voc before and after switching the laser diode is less 
than 1 mV due to the small change in the light intensity. Figure 3.8 displays an example 
of photovoltage decays measured for the device made by sequential deposition method. 
All transient voltages are fitted to a bi-exponential decay function with two time 
constants. The shorter time constants plotted in Figure 3.9 are about 5~10 times smaller 
than the longer transient decay component. Following the work of O’Regan et, al., the 
short lifetimes (between 2 ×10-4 and 7 ×10-4 s at a Voc of ~0.7 V) are associated with the 
recombination between electrons in the TiO2 film and holes in spiro-OMeTAD.
14-16 The 
longer time constants at the time scale of milliseconds to seconds are probably due to the 
movement of ions as the internal voltage in the cell is changed, and will not be further 
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discussed here.16  
 
 
Figure 3.9 Electron lifetime as a function of open circuit voltage in PSCs made using 
single-step GBL solution (black), single-step DMF solution (red), and sequential (blue) 
deposition 
 
The electron lifetime (τe) shown in Figure 3.9 is derived from the faster component 
of the Voc decay assigned to the electron recombination between TiO2 and hole conductor 
spiro-OMeTAD. The decrease in electron lifetime at a higher Voc is due to a faster 
recombination caused by an increased concentration of electrons in the TiO2 at a higher 
light intensity.14,17 The electron lifetimes at the same Voc (same charge density) observed 
for sequential deposited devices and those made from single-step deposition using DMF 
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are about twice as long as compared to those made by single-step deposition from GBL. 
Furthermore, the electron lifetime of perovskite solar cells made from single-step DMF 
solution is similar to electron lifetimes obtained for devices prepared by sequential 
deposition. The shorter electron lifetime in GBL-deposited devices is consistent with the 
lower Voc obtained in the solar cells using single-step GBL solution, which is a combined 
effect of lower charge generation (less light absorption as well as faster recombination).  
 
 
3.3.6 Contact angle measurements 
Since the same concentration of perovskite precursor solutions in GBL and DMF are 
used, the amount of CH3NH3PbI3 perovskite material deposited may be influenced by the 
wettability of the TiO2 for these two solvents, which in turn influences the volume of the 
solution that remains in contact with the TiO2 film during spin coating. Contact angle 





Figure 3.10 Contact angles of GBL (a, c) and DMF (b, d) on microscopy glass (a, b) and 
compact TiO2 coated FTO glass (c, d) 
 
Table 3.3 Average contact angles of GBL, DMF on microscopy glass and compact TiO2 
coated FTO glass 
Solvent/substrate GBL on glass DMF on glass GBL on cp-TiO2 DMF on cp-TiO2 
Contact angle 37.2˚ ±2.4˚ 32.9˚ ±1.7˚ 7.8˚ ±1.6˚ 5.5˚ ±1.3˚ 
 
The measured contact angles averaged from 5 individual measurements are 
summarized in Table 3.3. Both solvents show much lower surface tension on cp-TiO2 
substrates (Figure 3.10 c, d) compared to plain glass (Figure 3.10 a, b). The average 
contact angles of GBL solvent on both glass and cp-TiO2 substrates are slightly larger 
than DMF, but there is not a substantial difference. Although the contact angles and 
therefore the wettability on mesoporous TiO2 substrates instead of the denser cp-TiO2 
103 
 
used here may be different, from these measurements it is concluded that the wettability 
of the solvent may not be the major influence on the difference on perovskite loading and 
surface coverage observed in Figure 3.3. It could be attributed to the higher boiling point 
of DMF (153 ˚C) compared to the GBL (71 ˚C~73 ˚C).16 As the boiling point of DMF is 
much higher than GBL, the perovskite precursor solution in DMF would be slower to dry 
during the spin coating process, and annealing process. Slower evaporation during 




3.4 Conclusion  
In this chapter, the effect of different deposition methods, namely single-step vs 
sequential deposition has been investigated. In addition, and two widely used solvents for 
perovskite deposition, GBL and DMF, have been compared. The highest photovoltaic 
performance is achieved by using a sequential deposited perovskite layer. The optical 
properties, surface morphology and the coverage of CH3NH3PbI3 perovskite films have 
been measured through UV-vis spectroscopy and SEM, and the results are correlated with 
changes in device performance.  
The enhanced light harvesting and increased surface coverage of perovskite on the 
top of TiO2 are found to improve device performance and reduce electron recombination 
for devices made by sequential deposition compared to single-step deposited devices. 
Furthermore, larger standard deviations of Voc, Jsc and PCE are observed in the solar cells 
prepared from single-step DMF solution. It can be ascribed to a relatively non-uniform 
film thickness, more random crystal structures, and poor contacts between perovskite-
perovskite and perovskite-TiO2. The devices prepared with sequential deposited 
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perovskite show a higher reproducibility as well as the higher efficiency due to the better 
film qualities which implies it’s a better choice to applied for upscaling. In regard to the 
effect of solvents for single-step deposited devices, as the wettability of DMF is not 
significantly different with that of GBL, the better photovoltaic performance of perovskite 
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4 Chapter IV The role of hole transport 






4.1 Introduction  
Solid-state perovskite solar cells were first reported employing 2,2’-7,7’-tetrakis(N, N-
di-p-methoxyphenylamine) 9,9’-spirobifluorene (spiro-OMeTAD) as a hole transport 
material (HTM), with a solar to electric power conversion efficiency (PCE) of ~9%.1 With 
development of device engineering, perovskite solar cells made with spiro-OMeTAD 
have achieved a PCE above 22%.2 However, some drawbacks of spiro-OMeTAD such as 
low charge carrier mobility3 and high cost due to multistep synthesis4 demonstrates that 
this material may not be the ideal choice for up-scaling. Therefore, considerable efforts 
have been made to develop new HTMs, and incorporate them in perovskite solar cells. 
This includes organic small molecules,5-7 conducting polymers,8,9 and inorganic 
materials.10 In addition, hole conductor-free mesoscopic perovskite solar cells have been 
reported, as CH3NH3PbI3 can work as both light absorber and hole conductor. Based on 
this mesoscopic CH3NH3PbI3/TiO2 heterojunction structure, the PCE of hole conductor-
free perovskite solar cells has been optimized to above 10%, Etgar et, al. suggests that an 
additional HTM may not be a necessity.11-13 The elimination of HTM can lower the cost 
and simplify the fabrication process, however this PCE is still comparatively low and 
most researchers , such as Grätzel and co-workers, Yang and co-workers hold the view 
that the addition of hole transport material (HTM) is still required to achieve the best 
photovoltaic performance, by assisting hole extraction and limiting charge 
recombination, at least with any of the perovskite materials reported to date.14-16 Device 
performance varies with alternative HTMs used in mesoscopic perovskite solar cells due 
to the distinct properties of each HTM including energy levels, hole mobility, molecular 
weight and structure.17,18 The criteria of an ideal HTM for mesoscopic perovskite solar 
cells include a higher redox potential (approximated by a deeper highest occupied 
molecular orbital (HOMO) energy level) as compared to the valence band (VB) edge of 
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the perovskite, a high hole mobility, and a good chemical interaction between perovskite 
and HTM.19 
In this chapter, the role of HTMs on mesoscopic perovskite solar cells is investigated 
through answering the following questions:  
1. To what extent, the use of HTM effects device performance and what is the origin 
of the improved performance (or whether a HTM is essential for high PCE); 
2. As the effect of HOMO level has been well investigated, does the LUMO level of 
the HTM relative to perovskite conduction band edge (CB) influence on the 
charge transfer and recombination processes in perovskite solar cells; 
3. As the pore infiltration is a critical issue for solid state dye sensitized solar cells 
(ss-DSSCs), to what extent it is necessary for perovskite solar cells?  
To answer the first question, HTM-free devices have been produced and compared to 
HTM-containing perovskite solar cells. To answer the second question, three widely used 
HTMs, spiro-OMeTAD, poly-3-hexylthiophene (P3HT), and poly-[2,1,3-
benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’] 
dithiophene-2,6-diyl]] (PCPDTBT) are incorporated into the mesoporous perovskite solar 
cells for investigation here. The molecular structures and material properties of these 
HTMs are listed in Table 4.1 and Table 4.2. The energy levels including HOMO and 
LUMO levels of these different HTMs have been determinated by cyclic voltammetry in 
combination with the absorption onset. For these HTM-containing devices, the 
conductivity of HTMs and the alignment of HOMO, LUMO levels are correlated to 
charge transfer and recombinaiton, which helps to understand the difference in 
photovoltaic performance. To answer the third question, the influence of pore filling for 
different HTMs in this type of mesosocpic perovskite solar cells is studied in comparison 
















































































































































































































































































































































































































4.2.1 Device Fabrication 
Fluorine doped tin oxide (FTO) coated glass was laser patterned, then cleaned by 
ultrasonication in soapy water, acetone and ethanol sequentially. The diluted Titanium 
diisopropoxide bis(acetylacetonate) (TAA) solution (Sigma-Aldrich) was spray-coated 
on clean FTO glass at 450 °C to form TiO2 compact layer. The Dyesol 90T TiO2 paste 
was previously diluted in terpineol and a 600 nm-thick mesoporous TiO2 layer was 
deposited by screen printing. Before using, the prepared films were cut down to size and 
treated by a 20 mM of TiCl4 aqueous solution diluted from 2.0 M stock.  
As for preparation of perovskite layers as already established in chapter III, 460 mg 
of PbI2 (Lumtec) was dissolved in 1 ml of N, N-dimethylformamide (Sigma-Aldrich) at 
70 °C by stirring overnight. The PbI2 solution was spin coated onto mesoporous TiO2 film 
at 2000 r.p.m. for 30 s and dried at 70 °C for 30 min. After cooling down, the PbI2 films 
were dipped into a 10 mg/mL of CH3NH3I (Dyesol) solution dissolved in isopropanol 
(Sigma-Aldrich) for 20 s, and rinsed by pure isopropanol, then dried at 70 °C for 30min. 
For MK2 dye sensitized solar cells, the prepared TiO2 films were immersed in a 0.2 mM 
of MK2 solution in an acetonitrile: toluene mixture at 1:1 volume ratio for 6 hours.23  
The spiro-OMeTAD was purchased from Lumtec, while P3HT and PCPDTBT were 
purchased from Solaris. All materials were used without further purification. 180 mg of 
spiro-OMeTAD, 15 mg of P3HT or 15 mg of PCPDTBT were dissolved in 1 ml of 
chlorobenzene (Sigma-Aldrich) respectively, and stirred at 70 °C inside a glove box. 35 
μl of Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) solution (520 mg/ml in 
acetonitrile) and 30 μl of tert-Butyl pyridine (tBP) were added into these solutions. For 
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devices without a HTM layer, the same quantities of additives were put into 1 ml of pure 
chlorobenzene. Each HTM solution, as well as the HTM-free chlorobenzene solution, 
was deposited by spin coating at 3000 r.p.m. for 30 s. Finally, a 60 nm of gold was coated 
by thermal evaporation on top of the cells through a shadow mask. All devices were 
encapsulated in the glove box with UV-epoxy before testing.  
 
4.2.2 Device characterization 
Current density-voltage (J-V) was measured by a simulated 100 mW/cm2 AM 1.5G solar 
simulator and a Keithley 2400 source meter. A 3 mm × 3 mm metal mask was used to 
define the active area. Incident photon to current conversion efficiency (IPCE) was 
measured with QEX10 quantum efficiency measurement system. Stepped light-induced 
measurements of photocurrent and photovoltage (SLIM-PCV) decay were performed 
using a 635 nm diode laser as the illumination source. Photocurrent and photovoltage 
transients were induced by decreasing the laser intensity, and recorded by a multimeter 
(ADCMT 7461A) connected to a PC (Labview software).  
The electron lifetime was obtained by a change in light intensity, resulting in a Voc 
decrease of less than 1 mV, while the diffusion coefficent was measured by a <10% 
change in light intensity, inducing a proportional change in photocurrent at short circuit 
condition.  
 
4.2.3 Materials characterization 
UV-vis absorption spectroscopy of films coated on microscopy glasses and TiO2 
substrates were measured with a Shimadzu UV-3600 spectrophotometer with a baseline 
of plain glass or TiO2 substrate as is appropriate. As the absorption of perovskite coated 
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TiO2 film and HTM/perovskite coated TiO2 films were reached the maximum of accurate 
detection at the wavelength from 350 nm to 500 nm, the signals were smoothed leaving 
out noise in the presented Figure 4.4. Cyclic voltammetry was performed using an eDAQ 
(BVI) instrument. Pristine P3HT, spiro-OMeTAD and PCPDTBT spin-coated ITO films 
were used as working electrodes. A platinum mesh was applied as the counter electrode, 
and an Ag/AgNO3 (0.1 M) in acetonitrile was used as the reference electrode. The 
supporting electrolyte was 0.1 M tetrabutylammonium perchlorate (TBAP, Sigma-
Aldrich) in acetonitrile. After measurements, the RE was calibrated against 1 mM of 
ferrocene (98%, Aldrich) solution in acetonitrile directly. The scan rate was 50 mV/s. The 
electrolyte was purged with anhydrous N2 before and bubbled through during the whole 
process. For the conductivity measurement, the HTM solutions identical to that used for 
device fabrication were spin coated on glass substrates. Then the prepared HTM films 
were coated with 4 gold fingers with a 1.5 mm width spacer by thermal evaporation.  The 
conductivity of each HTM film was tested by a Four-Point Probe setup consisting of a 
digital multimeter (Keithley 2400) and a homemade four equally spaced (1.5 mm) finger 
probes in the dark. The probes were gently mounted on the prepared HTM film, and 
clipped for a secure connection. A DC current is flowing from the two outer probes,  and 
the voltage difference is measured by the two inner probes. The resistance is recorded by 
the digital multimeter. 
 
 
4.3 Results and discussion 
4.3.1 Light absorption and estimation of pore filling 
The absorption coefficients of P3HT, spiro-OMeTAD, PCPDTBT films, and the 
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absorption spectra of each HTM film coating on a 600 nm-thick mesoporous TiO2 
substrate are exhibited in Figure 4.1 and Figure 4.2, respectively. For the measurement 
of absorption coefficients, HTMs were cast on glass slides by spin coating. The thickness 
of each film (~100 nm) was measured by DekTak stylus Profilometer, while the UV-vis 
absorption was measured on a Shimadzu UV-3600 spectrophotometer. The absorption 
coefficients of P3HT, spiro-OMeTAD, and PCPDTBT films are presented in Figure 4.1. 
Spiro-OMeTAD shows absorption in the UV region between 300 nm and 430 nm,6 while 
P3HT shows an absorption band in the visible region. PCPDTBT has two separated 
absorption bands, one with a peak at 420 nm and the other one with a broad absorption 
that extends to the near infrared (NIR) region.24 The absorption coefficient of spiro-
OMeTAD at 380 nm is 2.6 ×104 cm-1, which means that a 750 nm-thick spiro-OMeTAD 
film shows absorbance values of 1.95.  
HTMs were also spin coated on 600 nm-thick mesoporous TiO2 substrates, and the 
absorption spectra of HTMs coated on TiO2/FTO glass were exhibited in Figure 4.2. As 
some of the HTMs was expected to sit on top of the porous film creating a capping layer, 
the thickness of HTMs coated films were measured by profilometer again, and listed in 
Table 4.2. Considering the thickness of the capping layer of spiro-OMeTAD on top of 
the porous TiO2 film is about 400 nm (spiro-OMeTAD coated TiO2 film: 1000 ±90 nm, 
uncoated TiO2 film: 600 ±50 nm), and the porosity of the mesoporous TiO2 is about 
60%,25 around 97% of the pores are estimated to have been infiltrated. In the case of 
polymers, the absorption of P3HT at λ=600 nm is about 0.30. With the absorption 
coefficient being 3.8 ×104 cm-1, the thickness of P3HT on TiO2 is calculated to be 79 nm. 
Similar results were seen for PCPDTBT, with an absorption on TiO2 at λ=700 nm is 0.52, 
while the absorption coefficient of the polymer is 3.5 ×104 cm-1, giving a thickness of 
PCPDTBT to be 67 nm. As the capping layers of P3HT and PCPDTBT were measured 
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to be around 20 nm and 15 nm, which is within uncertainties of measurement, the 
percentages of pore filling are only 16% and 14%, respectively. This data is summarized 
in Table 4.2 below. Figure 4.3 schematically illustrates the level of pore penetration and 
the thickness of the capping layer by these three HTMs. Polymers including P3HT and 
PCPDTBT don’t infiltrate the porous TiO2 matrix to the same extent as spiro-OMeTAD 
does. This is probably due to the long chain length of the molecules and higher molecular 
weight as listed in Table 4.1. These results also suggest that the pores are not completely 
filled by perovskite material. It however will be important when the effect of additives is 
considered in chapter V. 
  
















0.26 (380 nm) 1.95 400 750 97% 
P3HT 0.38 (600 nm) 0.30 20 79 16% 





Figure 4.1 UV-vis absorption coefficient of P3HT, spiro-OMeTAD, and PCPDTBT films 
with a baseline of microscope glass 
 
Figure 4.2 UV-vis absorption spectra of spiro-OMeTAD (black), P3HT (red), and 
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PCPDTBT (blue) coated on TiO2 substrates with a baseline of TiO2 substrate 
 
 
Figure 4.3 Schematic of the pore infiltration and capping layer thickness of HTMs 
including spiro-OMeTAD, P3HT, and PCPDTBT which is not shown in legend 
 
Figure 4.4 shows the absorption spectra of CH3NH3PbI3 perovskite coated on a TiO2 
substrate with and without HTMs. The CH3NH3PbI3 perovskite film has a wide range of 
light absorption from the visible to NIR spectrum.26 The absorbance of this perovskite 
layer exceeds the limit of accurate detection for this spectrum at the wavelenght of 350 
nm to 500 nm. Therefore any increase in absorption upon the addition of spiro-OMeTAD 
can not be observed within this wavelength range. The absorbance of the perovskite films 
are around 1.5 at λ=600 nm, and 1.0 at λ=700 nm. As such, an enhanced absorption at the 
wavelength between 500 nm to 600 nm for P3HT/perovskite/TiO2 substrate is observed. 
Similarly, an increased absorption from 650 nm to 850 nm for 
PCPDTBT/perovksite/TiO2 substrate due to the extra absorption by P3HT and PCPDTBT 
is observed. Due to the scattering by the perovskite material, the apparent absorbance 





Figure 4.4UV-vis absorption spectra of CH3NH3PbI3 perovskite on TiO2 substrate 
(black), perovskite/TiO2 substrate coated with P3HT (red), spiro-OMeTAD (blue), and 
PCPDTBT (green). The absorbance values have been smoothed at the wavelength from 
350 nm to 500. The baseline is an uncoated TiO2 substrate 
 
 
4.3.2 Incident photon to electron conversion efficiency (IPCE) 
The IPCE spectra for perovskite solar cells with different HTMs and HTM-fre  devices 
are displayed in Figure 4.5. All devices exhibit photocurrent response in the region 
between 300 nm and 800 nm. The IPCE of the HTM-free device has a maximum of 71% 
at λ=400 nm. The IPCE values are substantially lower at longer wavelengths (eg. 30% at 
λ=670 nm). For PCPDTBT samples, a similar maximum IPCE value of 70% is reached 
at 400 nm, but with relatively higher IPCE values at longer wavelengths between 500 nm 
and 800 nm. The IPCE of the perovskite solar cell using P3HT presents a similar spectral 
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shape as the PCPDTBT sample, but obtains a higher maximum IPCE value of 78%. The 
highest IPCE value, 82%, is obtained by the spiro-OMeTAD based device, with IPCE 
>80% at wavelengths between 400 nm and 550 nm. It indicates that the absorbed photon 
to current conversion efficiency considering that the FTO glass can transmit about 81% 
of the light in this region. Across the whole spectrum, spiro-OMeTAD provides the 
highest IPCE of the device configuration tested.  
As shown in Figure 4.5, there are no obvious IPCE features corresponding to P3HT 
or PCPDTBT absorption, which indicates that the contribution to photocurrent from light 
absorption by P3HT or PCPDTBT is negligible. As the light absorption is quite similar 
for these HTM/perovskite solar cells and HTM-free cells, the different IPCE spectra can 
be due to the difference in charge collection and regeneration.  
Compared to HTM-free devices, the solar cells fabricated with hole conducting layers 
have substantially increased IPCE values at wavelengths from 500 nm to 800 nm, due to 
enhanced charge separation / collection. It implies the necessity of HTM for perovskite 
solar cells to achieve a high photovoltaic performance. Although the CH3NH3PbI3 
perovskite has ambipolar character (transports both positive and negative charge), the 
addition of hole conducting layer can significantly improve charge separation by 
increasing the charge selectivity.27 Among the devices made with HTMs, the IPCE curve 
of spiro-OMeTAD based sample shows a flat shape at wavelengths between 500 nm and 
750 nm. It could be attributed to the better physical contact inside the pores between the 





Figure 4.5 IPCE spectrum of HTM-free perovskite solar cells, and devices using P3HT, 
spiro-OMeTAD, and PCPDTBT as HTM 
 
 
4.3.3 Conductivity of each HTM 
The resistance of each HTM film with a thickness of ~200 nm coated on plain glass was 
measured by a Four-Point Probe setup as shown in Figure 4.6. The resistivity and 
conductivity summarized in Table 4.3 are calculated using Equation 4.1 and Equation 
4.2, respectively.  As shown in Table 4.3, P3HT and PCPDTBT exhibit a similar 
conductivity on the order of 10-2 S∙cm-1. The spiro-OMeTAD film shows orders of 
magnitude lower conductivity of 6.0 ×10-4 S∙cm-1, even though it was doped with the 





Figure 4.6 Schematic of the Four-Point Probe resistivity measurement for HTM samples 
 




 Equation 4.1 
Conductivity (S ∙ cm−1) =
1
Resistivity (Ω ∙ cm)
 Equation 4.2 
Table 4.3 The resistance, resistivity and conductivity of each HTM averaged from three 
samples 
HTM P3HT Spiro-OMeTAD PCPDTBT 
Resistance (Ω) 4.0 ×105 ±0.2 ×105 1.3 ×107 ±0.1 ×107 5.1 ×105±0.1 ×105 
Resistivity 
(Ω∙cm) 
53.3 ± 2.3 1.7×103 ± 0.1×103 75.3 ± 8.0 
Conductivity 
(S/cm) 





4.3.4 Photovoltaic performance 
The photovoltaic parameters of these different HTMs for mesoscopic perovskite solar 
cells, averaged from at least 8 pixels from 3 devices, are summarized in Table 4.4 and 
Figure 4.7. The devices without a hole transporting layer show a Voc of 0.74 V, a Jsc of 
10.9 mA/cm2 and a fill factor of 0.67, resulting in an overall power conversion efficiency 
（PCE） of 5.3% which is lower than the efficiency of 7.2% reported by Aharon et al.13, 
but much higher than the PCE of 2.5% reported by Heo et al.15 The best average PCE of 
7.3% is obtained for P3HT/perovksite based devices with a Voc of 0.83 V, a Jsc of 14.6 
mA/cm2 and a fill factor of 0.60, which is slightly better than the efficiency of 6.7% 
reported by Heo et al.15 and much higher than the PCE of 4.5% reported by Bi et al.28 The 
average PCE of 7.2% and Voc of 0.82 V are exhibited for perovskite solar cells using 
spiro-OMeTAD as the HTM, which is slightly lower than the reported PCE of 8.4% and 
8.5% by Heo et al. and Bi et al. respectively.15,28 The average Jsc of 18.2 mA/cm
2 for 
spiro-OMeTAD samples is the highest among the devices tested here.  
In spite of the Jsc and Voc being high, the PCEs of the spiro-OMeTAD devices are 
limited by the fill factor (FF =0.50, the lowest of this series), which could be explained 
by the low conductivity of spiro-OMeTAD (6.0×10-4 ± 0.4×10-4 S/cm) as measured in 
section 4.3.3. Finally PCPDTBT/perovskite based devices display Voc, and Jsc values 
close to those of HTM-free cells, but the relatively low fill factor leading to a reduced 
PCE of 4.6%. Compared to the efficiency of 5.3% reported by Heo et al., the slightly 
lower photovoltaic peformance could be due to the use of different amount of additives.15 
Therefore, the effect of additives on device performance will be investigated in the next 




Table 4.4 Average photovoltaic parameters for perovskite solar cells using spiro-
OMeTAD, P3HT, PCPDTBT as HTM and without additional HTM 
HTM  Voc (V) Jsc (mA/cm2) Fill Factor ƞ (%) 
HTM-free 0.74 ± 0.02 10.9 ± 2.3 0.67 ± 0.04 5.3 ± 0.8 
P3HT 0.83 ± 0.01 14.6 ± 0.9 0.60 ± 0.01 7.3 ± 0.4 
spiro-OMeTAD 0.82 ± 0.01 18.2 ± 2.3 0.50 ± 0.07 7.2 ± 0.3 
PCPDTBT 0.72 ± 0.01 11.1 ± 0.8 0.58 ± 0.04 4.6 ± 0.3 
 
 
Figure 4.7 Summary of photovoltaic parameters including Voc, Jsc, fill factor and 
efficiency for HTM-free perovskite solar cells, and devices using P3HT, spiro-OMeTAD, 
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PCPDTB as HTM respectively. 
 
The J-V curves of the perovskite solar cells without HTM, and with P3HT, spiro-
OMeTAD, PCPDTBT as HTM are displayed in Figure 4.8. Representative J-V curves 
were selected for devices showing efficiency values closest to the average PCE for each 
conditions. The Jsc of spiro-OMeTAD based device is the highest among these devices, 
reaching 19 mA/cm2. The solar cell using P3HT exhibits a lower Jsc, but is still above 15 
mA/cm2. The device without HTM obtains the lowest Jsc of 10.5 mA/cm
2, which is slighly 
lower than that of the PCPDTBT based sample (11.2 mA/cm2). The differences in Jsc for 
the perovskite solar cells with various hole transporting layers are basically in agreement 
with the integrated Jsc from IPCE spectra (Figure 4.5). Therefore, to answer question 1 
raised in the introduction, the use of hole transporting layer benefits an increased Jsc due 
to the improved IPCE as shown in section 4.3.2. 
In regard to the open circuit voltage (Voc), the P3HT/perovskite and spiro-
OMeTAD/perovskite based devices exhibits similar values, which is about 100 mV and 
120 mV higher than that of the solar cell without HTM and that of the 
PCPDTBT/perovskite solar cell, respectively. The different Voc may originate from the 
difference in the HOMO level of these HTMs, any difference in a charge extraction 
barrier at the hole contact or difference in charge carrier lifetimes influencing charge 
density or a combination of effects. The effect of charge carrier lifetimes will be discussed 
in section 4.3.6. The energy levels are discussed in the next section. 
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Figure 4.8 J-V characterisitics of HTM-free devices (black), and devices using P3HT (red), 
spiro-OMeTAD (blue), PCPDTBT as HTM. 
 
 
4.3.5 Cyclic voltammogram and Energy levels of HTMs 
Cyclic voltammetry (CV) was used to estimate the redox potentials of these HTMs. 
Figures 4.9-4.11 show the CVs of P3HT, spiro-OMeTAD, PCPDTBT films coated on a 
glassy carbon electrode with an area of 0.79 cm2 in 0.1 mol/L tetrabutylammonium 
perchlorate (TBAP)/ acetonitrile solution with a scan rate of 50 mV/s. The counter 
electrode is a platinum mesh, and the reference electrode is an Ag/AgNO3 (0.1 M) in 
CH3CN. The Voltages on the x axis are exhibited with reference to the Fc/Fc
+ redox 
couple. A CV of Fc/Fc+ redox couple in acetonitrile is displayed in Figure 4.12. The 
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oxidation peak and the reduction peak are at 0.39 V and 0.30 V respectively, which results 
in a half wave potential of 0.345 V vs. Ag/AgNO3 which is about 2 mV variation 
compared to the commonly used value.29 The potential of the Fc/Fc+ couple is taken to be 
-5.1 eV vs. vacuum.30 As shown in Figure 4.9, two oxidation peaks are observed for the 
P3HT film that are related to first and second oxidation of P3HT, with a first onset 
potential (Eox) of 0.18 V vs. Fc/Fc+. There are also two oxidation processes observed for 
the spiro-OMeTAD film (Figure 4.10). The first one is related to the generation of spiro-
OMeTAD+ with an onset potential (Eox) of 0.13 V vs Fc/Fc+, with the second one assigned 
to another electron transfer resulting in spiro-OMeTAD++.31 As for the PCPDTBT film, 
the oxidation onset potential (Eox) is 0.21 V vs. Fc/Fc+ as shown in Figure 4.11.  
 
Figure 4.9 Cyclic voltammetry of the P3HT thin film coated on ITO in a solution of 0.1 M 




Figure 4.10 Cyclic voltammetry of the spiro-OMeTAD thin film coated on ITO in a 
solution of 0.1 M TBAP in acetonitrile with a scan rate of 50 mV/s. 
 
 
Figure 4.11 Cyclic voltammetry of PCPDTBT thin film coated on ITO in a solution of 0.1 




Figure 4.12 Cyclic voltammetry of in a solution of 0.1 M TBAP in acetonitrile with a scan 
rate of 50 mV/s. 
 
The first onset oxidation potential corresponds to removing the first electron from the 
molecule. The HOMO level of each HTM is calculated as Equation 4.3, and summarized 
in Table 4.5.30 
 
EHOMO= -E
ox (vs. Fc/Fc+) + 5.1eV Equation 4.3 
The band gap is determined from the onset of optical absorption, assessed in the UV-vis 
absorption spectra (Figure 4.1), as Equation 4.4. Therefore, the LUMO energy level can 
be calculated as Equation 4.5.  
Band gap (eV) = 1240/Onset wavelength (nm) Equation 4.4 
LUMO level = HOMO level + Band gap Equation 4.5 
The onset wavelength, band gap, HOMO energy level, and LUMO energy level for P3HT, 
spiro-OMeTAD, PCPDTBT are listed in Table 4.5. 
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Table 4.5 Onset wavelengths, band gaps, highest occupied molecular orbitals (HOMOs), 
and lowest unoccupied molecular orbitals (LUMOs) energy levels of P3HT, spiro-

















P3HT 650 1.91 0.18 -5.28 -3.37 -5.2 
Spiro-
OMeTAD 
430 2.88 0.13 -5.23 -2.35 -5.1 
PCPDTBT 870 1.43 0.21 -5.31 -3.88 -5.3 
 
Figure 4.13 compares the energy levels vs. vacuum for TiO2, CH3NH3PbI3 
perovskite, P3HT, spiro-OMeTAD, PCPDTBT and gold contacts. The HOMO levels of 
P3HT (-5.28 eV), spiro-OMeTAD (-5.23 eV) and PCPDTBT (-5.31 eV) are all more 
negative compared to the valence band (VB) of CH3NH3PbI3 (-5.43 eV),
1 while the 
differences in these energies being less than 0.08 eV suggests that the charge separation 
processes are quite similar in these devices.32 The LUMO levels of all these three HTMs, 
P3HT (-3.37), spiro-OMeTAD (-2.35), PCPDTBT (-3.88), are more negative than the 
conduction band (CB) of CH3NH3PbI3 (-3.93).
1 Spiro-OMeTAD and P3HT exhibit 1.58 
eV and 0.56 eV more positive LUMO levels than that of the CB of CH3NH3PbI3, 
respectively. Whereas, the LUMO level of PCPDTBT is only 0.05 eV higher than the CB 





Figure 4.13 Energy levels for TiO2, CH3NH3PbI3, P3HT, PCPDTBT, spiro-OMeTAD and 
Au 
 
Energy levels determined by cyclic voltammetry (CV) in combination with the 
absorption spectra provide limited information about the distribution of electronic states 
in these materials.33,34 It has been reported that the density of states (DOS) distribution of 
electronic states of polymers have Gaussian distributions with typical width of energy site 
distribution energies of 0.1 eV.35,36 As shown in Figure 4.13, the LUMO of spiro-
OMeTAD is much higher than the CB of perovskite, which suggests it should effectively 
block electron transfer from the perovskite to the HTM. P3HT also has a relatively large 
offset between its LUMO and CH3NH3PbI3 conduction band, while the small band gap 
material, PCPDTBT, does not. Assuming the energies shown in Figure 4.13 are the mean 
values (the centre of the Gaussian distribution), there will be a considerable portion of the 
DOS below the CB egde of CH3NH3PbI3 which can accept electrons. The proposed 
charge transfer pathways for P3HT and PCPDTBT based devices are illustrated in Figure 
4.14. In P3HT based solar cells (Figure 4.14 a), the mean value of LUMO is much higher 
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than the CB of CH3NH3PbI3 perovskite, and as such the DOS distribution of LUMO in 
P3HT is almost entirely above the CB of perovskite, which is assumed to be above the 
electron Fermi level in perovskite. Therefore, P3HT will also serve to block electron 
transfer from the perovskite layer. However, in PCPDTBT samples (Figure 4.14 b), the 
mean ELUMO of PCPDTBT is too close to the CB edge of perovskite, and thus a substantial 
portion of the DOS tail is more negative than the Fermi level of free electrons in the 
CH3NH3PbI3 perovskite. This will facilitate electron transfer to the LUMO of the HTM, 
in competition with electron transfer from the perovskite to TiO2. Moreover, the electrons 
transferred into PCPDTBT are likely to enhance recombination with holes in perovskite 
and itself. Therefore, the electron recombination in the PCPDTBT based device is much 




Figure 4.14 Schematic of possible charge transfer pathways in different components 
 
 
4.3.6 Diffusion coefficient and electron lifetime 
Stepped light-induced measurements of photocurrent and photovoltage (SLIM-PCV) is 
empolyed to investigate electron lifetimes and diffusion coefficients for devices with and 
without various HTMs. Figure 4.15 shows the plot of diffusion coefficients under short 
circuit conditions versus short circuit current density (Jsc), including two sets of data from 
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two different samples. The results are very similar for all samples with different HTMs 
and HTM-free devices, indicating electron transport within the TiO2 matrix are similar 
for the perovskite solar cells. The different HTMs don’t appear to impact the electron 
diffusion process in TiO2. The lower photovoltaic performance of HTM-free cells and 
PCPDTBT samples could be therefore ascribed to the poor charge collection or the short 
electron lifetime.  
 
 
Figure 4.15 Diffusion coefficient as a function of short-circuit current density for 
perovskite solar cells without HTM and using P3HT, spiro-OMeTAD and PCPDTBT as 
HTM. 
 
Figure 4.16 shows electron lifetimes as a function of open circuit voltage (Voc) for 
devices with and without various HTMs, which also includes two different sets of data 
correspondingly. The shorter electron lifetime at a higher Voc is due to faster 
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recombination due to increased charge density. These results are separated in two groups 
with samples using spiro-OMeTAD or P3HT showing longer electron lifetimes at 
equivalent Voc values. These are about one to two orders of magnitude longer than those 
of HTM-free devices and devices using PCPDTBT as HTM. It shows that HTM-free cells 
and PCPDTBT based cells have faster recombination than the devices using spiro-
OMeTAD and P3HT.  
As illustrated in Figure 4.14 above, the recombination of electron can occur at the 
interface between TiO2/perovskite, or TiO2/HTM, or inside perovskite. In most efficient 
DSSCs, the generated dye cations (Dye+) are desirably reduced by electrolyte via a fast 
regeneration process. Therefore, the recombination is dominated by the reaction between 
e(TiO2)
- and h(HTM)
+.36 The same case may exist in mesoscopic perovskite solar cells.37 
When the photogenerated holes in perovksite can not be sufficiently regenerated by the 
HTM, an excess of h(perovskite)
+ will be left to recombine with electrons in TiO2 and 
electrons in perovsktie itself. With regard to the literature, the recombinaiton between 
e(TiO2)
- and h(perovskite)
+ is about two orders of magnitude faster than the recombinaiton 
between e(TiO2)
- and h(HTM)
+.34,38 In spiro-OMeTAD based perovskite solar cells and P3HT 
based devices, the hole transfer dynamics at the interface between perovskite and spiro-
OMeTAD or P3HT could be efficeint which are in the timescale of picosecond.27  In this 
case, the decay of the electron population in TiO2 can be assigned to the recombination 
at the TiO2/HTM interface. However, for HTM-free devices, the lack of hole transporting 
layer leaves a large amount of h(perovskite)
+ accumulated in the perovskite due to the 
inefficient hole ‘regeneration’. The observed photovoltage decay is dominated by the 
recombination process between e(TiO2)
- and h(perovskite)
+. The same circumstance may occur 
in PCPDTBT based perovskite solar cells. As it was mentioned above, in PCPDTBT 
samples, the photoexcited electrons in perovskite may be partially transferred to the tail 
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states of the DOS of PCPDTBT which may facilitate recombineation with holes in 
PCPDTBT.35,39  
Therefore, the shallowness of the LUMO level of the HTM compared to the CB edge 
of perovskite is shown to be critical for the perovskite solar cells, to help retard electron 
injection into the HTM, and enhance the lifetime. 
 
Figure 4.16 Electron lifetime as a function of open circuit voltage for perovskite solar cells 
without HTM and using P3HT, spiro-OMeTAD and PCPDTBT as HTM. 
 
 
4.3.7 MK2 sensitized solar cells using different hole conductors  
The degree of pore penetration of the hole conductor is a major issue for solid state dye 
sensitized solar cells (DSSCs). This is because charge transport within the dye layer itself 
is slow, attributed to the large reorganisation energy and the typical distance between the 
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dye molecules.40,41 In order to investigate the extent pore filling plays between various 
HTMs in mesoscopic perovskite solar cells, MK2-sensitized solar cells were fabricated 
under similar conditions. Since MK2-sensitised solar cells require a high level of pore 
filling to achive high performance, by measuring the performance of these cells, the level 
of pore filling by the various HTMs can be indirectly evaulated.  
Figure 4.17 displays the absorption spectra of a MK2-sensitised TiO2 (MK2/TiO2) 
film, and MK2/TiO2 films coated with either P3HT, spiro-OMeTAD, PCPDTBT. 
Considering the absorption coefficient of P3HT, spiro-OMeTAD, PCPDTBT (Figure 
4.1), and the absorbance of P3HT, spiro-OMeTAD, PCPDTBT directly coated on TiO2 
film (Figure 4.2), the pore filling percentages of these hole conductors in MK2 coated 
TiO2 film are slightly lower, but the trend is still in the order of spiro-OMeTAD > P3HT 
> PCPDTBT.  
 
Table 4.6 Optical properties and pore infiltration of these HTMs in MK2 loaded TiO2 films 
HTM spiro-OMeTAD P3HT PCPDTBT 
HTM Absorption 
coefficient (×105 cm-1) 
0.26 at 380 nm 0.38 at 600 nm 0.52 at 700 nm 
Absorbance of MK2/TiO2   0.6 at 380 nm 0.1 at 600 nm 0 at 700 nm 
Absorbance of 
HTM/MK2/TiO2 
2.2 at 380 nm 0.4 at 600 nm 0.4 at 700 nm 
Calculated thickness (nm) 615 79 77 
Capping layer (nm) 310 20 40 
Percentage of pore filling 
 






Figure 4.17 Absorption spectra of MK2 on TiO2 film (black), MK2 on TiO2 film 
spincoated with P3HT (red), spiro-OMeTAD (blue), and PCPDTBT (olive) respectively. 
 
Table 4.7 and Figure 4.18 shows the photovoltaic parameters of MK2 sensitized solar 
cells using P3HT, spiro-OMeTAD, PCPDTBT as HTM, along with HTM-free devices. 
Representative J-V curves, selected as being close to the average values for each 
condition, are displayed in Figure 4.19. Unlike perovskite solar cells, the HTM-free 
MK2-dye solar cell displays very poor photovoltaic performance compared to devices 
with HTMs, with a Voc of 0.27 V, a Jsc of 0.5 mA/cm
2, and a fill factor of 0.35, leading to 
the lowest PCE of 0.1%. With P3HT, or PCPDTBT as the HTM, the device performance 
is higher than the perovskite solar cells without HTM, with Voc of 0.65 V and 0.64 V 
respectively, Jsc of 4.5 mA/cm
2 and 1.3 mA/cm2 respectively, fill factor of 0.52 and 0.57, 
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resulting in PCE of 1.5% and 0.5%. For devices using spiro-OMeTAD as the HTM, the 
highest Voc of 0.73 V, Jsc of 8.8 mA/cm
2, fill factor of 0.6 lead to the highest PCE (3.8%) 
among these devices, which is even slightly higher than the efficiency of 3.5% reported 
by Cappel et al. with a 1.9 µm-thick TiO2 film.
42 This suggest a much stronger influence 
of pore filling by the HTM in solid state DSSCs as compared to perovskite devices. The 
measurements also confirm the estimation of pore filling using combined optical and 
thickness measurements. That is, spiro-OMeTAD is able to penetrate the pores of the 
mesoporous TiO2 in both the MK2-sensitised and perovskite-sensitised case.  
 
Table 4.7 Average photovoltaic parameters for MK2 sensitized solar cells using spiro-
OMeTAD, P3HT, PCPDTBT as HTM and without HTM 
HTM  Voc (V) Jsc (mA/cm2) Fill Factor ƞ (%) 
HTM-free 0.27 ± 0.04 0.5 ± 0.3 0.35 ± 0.03 0.1 ± 0.04 
P3HT 0.65 ± 0.02 4.5 ± 0.3 0.52 ± 0.01 1.5 ± 0.2 
spiro-OMeTAD 0.73 ± 0.01 8.8 ± 0.5 0.60 ± 0.02 3.8 ± 0.2 





Figure 4.18 Photovoltaic parameters of MK2 sensitized solar cells with various HTMs 





Figure 4.19 J-V curves of HTM-free MK2 sensitized solar cells, MK2 sensitized solar cells 
using P3HT, spiro-OMeTAD, and PCPDTBT as HTM 
 
The IPCE spectra of these solid state MK2 sensitized solar cells are displayed in 
Figure 4.20. The sample with spiro-OMeTAD shows the highest IPCE across all 
wavelength >350 nm with a maximum peak value of 65% at 470 nm, slightly lower than 
the P3HT device at short wavelengths. This may be due to competition between the light 
absorption by MK2 on the TiO2 film and the light absorption by spiro-OMeTAD. The 
solar cell using P3HT as the HTM exhibits a maximum IPCE value of 41% at 490 nm, 
which is lower than that of the spiro-OMeTAD based devices. However, the absorption 
of P3HT/MK2/TiO2 film is higher than the spiro-OMeTAD/MK2/TiO2 film at the 
wavelengths from 400 nm to 650 nm due to the absorption of P3HT. It indicates that the 
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photocurrent contribution from P3HT is negligible. For the PCPDTBT based MK2 
sensitized solar cell, the maximum IPCE value is about 12%. Similarly to the P3HT based 
device, no contribution to the photocurrent from the absorption in PCPDTBT has been 
observed. The HTM-free MK2 device displays the lowest IPCE values with a maximum 
of 5.5%. The shift in wavelength of the maximum IPCE can be ascribed to the inner filter 
effect of the light absorption by MK2 dye. According to the IPCE spectra in Figure 4.20, 
the photocurrent response of MK2 sensitized solar cells decreases in the sequence of the 
device using spiro-OMeTAD, P3HT, PCPDTBT as HTM and without HTM which is in 
agreement with the depth of pore filling ratios. It appears that incomplete pore infiltration 
leads to a low collection efficiency of charges generated from the side close to FTO 
glass.43 Nevertheless, we still can observe some photocurrent response from the HTM-
free devices, because the photogenerated holes can be delocalized on the oligothiophene 
moiety of MK2, and there is some degree of hole transport within MK2.44,45 Generally 
speaking, P3HT should penetrate the porous film more easily than PCPDTBT due to the 





Figure 4.20 IPCE spectra of HTM-free MK2 sensitized solar cells, MK2 sensitized solar 
cells using P3HT, spiro-OMeTAD, and PCPDTBT as HTM 
 
For the purpose of checking, to what extent, the pore infiltraton effects on electron 
lifetime for MK2 sensitized solar cells, the electron lifetimes of MK2 sensitized solar 
cells using P3HT, spiro-OMeTAD and PCPDTBT as the HTM have been measured by 
the SLIM setup in the same way as for the perovskite devices. Figure 4.21 displays the 
relationship between electron lifetimes and devices’ Vocs. At equivalent values of Voc,  
the electron lifetime follows the trend of spiro-OMeTAD > P3HT > PCPDTBT, which 
matches the trend of HTM infiltration in MK2 coated mesoporous TiO2 substrates. 
Therefore, it is assumed the electron lifetimes exhibited in Figure 4.21 are all related to 
the recombinations between TiO2 and the HTMs. Furthermore, the electron lifetimes of 
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MK2 devices are similar to those of the perovskite solar cells based on spiro-OMeTAD 
and P3HT as HTM (Figure 4.16).46 These electron lifetimes are about 10-3 s at the Voc of 
0.70 V. It indicates the electron lifetimes of MK2 devices using different HTMs, 
including PCPDTBT, are associated with the recombination occuring at the interface of 
TiO2/HTM.  
 
Figure 4.21 Electron lifetime versus open circuit voltage for MK2 sensitized solar cells 
using P3HT (red), spiro-OMeTAD (blue), and PCPDTBT (olive) as HTM. 
 
Compared to the solid state MK2 dye sensitized solar cells, both photovoltaic 
performance including Voc, Jsc and electron lifetime of perovskite devices are less 
sensitive to the degree of pore infiltraton. This is significant as it increases the range of 
possible HTMs, overcoming one of the practical restrictions, faced in ss-DSSCs. It also 
144 
 
raises the possibility that the role of HTM is very different in PCSs from ss-DSSCs. Since 
electron, hole diffusion is efficient in PSC, pore penetration is not required. However, 





Mesoscopic perovskite solar cells incorporating different hole conductors including the 
commonly used organic small molecule, spiro-OMeTAD, two conducting polymers 
P3HT and PCPDTBT have been investigated along with HTM-free devices. The HTM 
solution concentration and deposition parameters used here are chosen from the literature, 
which are suggested to be the optimized conditions. Therefore, the HTM comparison has 
been focused on the impacts of intrinsic properties such as HOMO, LUMO levels, and 
molecular weights on device photovoltaic performance.  
Compared to devices without HTM, the solar cells using spiro-OMeTAD and P3HT show 
superior photovoltaic performance, especially the Voc and Jsc, due to enhanced electron 
lifetime and IPCE resulting in a higher power conversion efficiency (PCE). PCPDTBT 
based devices however show similar photovoltaic parameters with HTM-free cells which 
may be ascribed to an inefficient elelctron blocking by PCPDTBT. As a low bandgap 
polymer, the LUMO level of PCPDTBT is too close to the bottom of the conduction band 
energy of perovskite which suggests that electron injection may occur in conjunction with 
holes from the CB of perovskite to the LUMO of PCPDTBT at the interface of 
perovskite/PCPDTBT, leading to a short electron lifetime and relatively lower efficiency 
of charge injection into TiO2. Additonally, the degree of pore infiltration of these HTMs 
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estimated by absorption spectroscopy decrease in the order of spiro-OMeTAD > P3HT > 
PCPDTBT.  
The importance of pore filling on perovskite solar cells is not as pronounced as for ss-
DSSCs (MK2 sensitized devices). It can be attributed to the effect that perovskite is likely 
to fill the mesoporous TiO2 layer to a greater extent, and the hole transport in perovskite 
is relatively efficient compared to MK2 dye. However, this chapter demonstrates that 
spiro-OMeTAD, with a good capability of pore infiltration, can result in a better interface 
with perovsite, contributing to a more efficient charge seperation and collection compared 
to the polymeric HTMs like P3HT and PCPDTBT.  
Therefore, in spite of simpler manufacutre, the HTM-free devices is not viable for 
upscaling. Spiro-OMeTAD is a more applicable hole conductors that can result in a good 
performance in both perovskite solar cells and dye sensitized solar cells due to the large 
band gap, better pore filling or physical contact. As the lower sensitivity of PSCs to pore 
filling, it increases the range of HTMs which can be empolyed, compared to ss-DSSCs. 
P3HT, as a highly conductive polymer, with a suitable HOMO-LUMO levels provides a 
comparable photovoltaic performance with spiro-OMeTAD based PSCs. The 
disadvantage of PCPDTBT used in PSCs is more likely due to the poor electron-blocking 
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5 Chapter V Effect of ionic and 
molecular additives on the 






5.1 Introduction  
As most hole transport materials (HTMs) employed in solid-state dye sensitized solar 
cells (ss-DSSCs) and perovskite solar cells do not work well in their pristine condition, 
LiTFSI and tBP have been widely employed to improve the photovoltaic performance, 
especially for spiro-OMeTAD.1-4 Previous research into DSSCs have revealed that the 
Li+ ions could intercalate into the TiO2, which positively shifts the TiO2 conduction band, 
whereas the tBP negatively shifts the TiO2 conduction band edge at the interface, and also 
reduces the recombination between electrons in TiO2 and electrolyte.
5-9 In ss-DSSCs, the 
role of electronic additives (LiTFIS and tBP) is: 
1.  To adjust the TiO2 conduction band potential for high injection efficiency and 
high Voc, 
2.  Blocking electron recombination between TiO2 and electrolyte,  
3.  To increase the conductivity of hole conductors.8-11  
    In perovskite solar cells, these two additives are also suggested to play similar roles.12,13 
In addition, the tBP is reported to interact with the perovskite inducing a p-doped surface, 
which results in a more hole-selective layer.14 Also it was demonstrated to function as a 
morphology controller in the spiro-OMeTAD and avoid Li+ accumulation.15 However, 
the detrimental effect of tBP has also been raised, as it can corrode the perovskite film, 
and decrease the stability of perovskite solar cells.16,17 Nevertheless, the effect of LiTFSI 
and tBP on perovskite solar cells using the mesoscopic TiO2 structure has not been 
systematically studied therefore the role of these additives as compared to ssDSSCs, is 
not entirely clear.  
In this chapter, the aim is to systematically investigate the effect of additives on the 
photovoltaic performance of mesoscopic perovskite solar cells, to answer the following 
questions:   
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1. How large is the contribution of additives (LiTFSI and tBP) on the performance 
of mesoscopic perovskite solar cells?  
2. How does the concentration of additives influence the performance using 
different hole transport materials? 
3. In the mesoscopic configuration, which layer is the most significantly influenced 
by these two additives: mesoporous TiO2 layer, perovskite layer, or HTM layer? 
4. Do LiTFSI and tBP need to be used in combination? What is the specific role of 
LiTFSI and tBP on perovskite solar cells individually?   
5. Do the additives have any effect on contact work function? 
6. Can these additives be eliminated or minimized for up scaling?  
 
    In order to answer the questions listed as above, the following experiments will be 
carried out: 
1. By varying the amounts of LiTFSI and tBP mixed in HTMs for three different 
conditions: no additive (Condition 1), 11 mM of LiTFSI and 41 mM of tBP 
(Condition 2), 62 mM of LiTFSI and 232 mM of tBP (Condition 3), the 
influence of these additives on photovoltaic performance, diffusion coefficient 
and electron lifetime is studied for the first time. These conditions are selected to 
cover a wide range of conductivities to reveal systematic effects. Also 
minimizing their use (low concentration) could be beneficial for up scaling.  
2. The combinative effect of LiTFSI and tBP using three different HTMs, P3HT, 
spiro-OMeTAD, PCPDTBT described in Chapter IV has also been investigated.  
3. To understand which layer is affected by the additive, the additives have also 
been sequentially applied on each layer used in mesoscopic TiO2 based 
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perovskite solar cells: treatment of TiO2 (Condition 4), treatment of the 
perovskite layer (Condition 5) and treatment of P3HT (Condition 6). 
4. To understand the mechanism underlying the performance changes induced by 
the additives, the effects of adding tBP (Condition 7) and LiTFSI (Condition 8) 
individually have been studied using P3HT as the HTM.  




5.2 Experimental  
5.2.1 Device Fabrication  
Fluorine doped tin oxide (FTO) coated glass (2.2 mm, 7 Ω/□, Hartford glass) was laser 
patterned, then cleaned by ultra-sonication in soapy water, acetone and ethanol 
sequentially. An 80 nm ~100 nm TiO2 compact layer was prepared by spray coating of 
diluted Titanium diisopropoxide bis(acetylacetonate) (TAA) solution (Sigma-Aldrich) at 
450 °C. The Dyesol 90T TiO2 paste was previously diluted in terpineol and a 600 nm-
thick mesoporous TiO2 layer was deposited by screen printing. The prepared films were 
gradually heated to 500 °C in an operation hotplate with a program as follow: 150 °C for 
10 min, 325 °C for 5 min, 375 °C for 5 min, 450 °C for 30 min and at last 500 °C for 15 
min. After cooling down, the films were immersed into a 20 mM of TiCl4 aqueous 
solution (99.0%, Sigma-Aldrich) at 70 °C for 30 min. Then the films were baked at 500 
°C for 30 min after rinsed by water and ethanol. Before using, the prepared films were 
cut down to size. 
460 mg of PbI2 (Lumtec) was dissolved in 1 ml of N, N-dimethylformamide (Sigma-
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Aldrich) at 70 °C by stirring overnight. The PbI2 solution was spin coated onto 
mesoporous TiO2 film at 2000 r.p.m. for 30s and dried at 70 °C for 30 min. After cooling 
down, the PbI2 films were dipped into a 10 mg/mL of CH3NH3I (Dyesol) solution 
dissolved in isopropanol (Sigma-Aldrich) for 20 s, and rinsed by pure isopropanol, then 
dried at 70 °C for 30 min.  
The spiro-OMeTAD was purchased from Lumtec, P3HT and PCPDTBT were 
purchased from Solaris. All materials were used without further purification. 180 mg of 
spiro-OMeTAD, 15 mg of P3HT and 15 mg of PCPDTBT were dissolved in 1ml of 
chlorobenzene (Sigma-Aldrich) respectively at 70 °C. Different amount of Lithium 
bis(trifluoromethylsulfonyl)imide (LiTFSI) (520 mg/ml in acetonitrile) and tert-Butyl 
pyridine (tBP) were added into these solutions with keeping the molar ratio of 1:3.7. For 
the no HTM devices, the same amount of LiTFSI and tBP were mixed into pure 
chlorobenzene for using. 
The HTM layers were deposited by spin coating of each HTM solution at 3000 r.p.m. 
for 30 s, as well as no HTM chlorobenzene solution for no HTM cells. Finally, a 60 nm 
of gold was coated by thermal evaporation on top of the cells through a shadow mask. All 
devices were encapsulated inside an Argon filled glove box before testing.  
For the investigation about the effect of individual additive, 12 µl of LiTFSI solution (520 
mg/ml in acetonitrile) or 12 µl of tBP was mixed in 1 ml of P3HT solution (15 mg/ml in 
chlorobenzene) independently.  
As for the study on the sequential treatment of additives, the 12 µl of LiTFSI solution 
and 12 µl tBP were mixed in 1 ml of chlorobenzene, and treated on each layer by spin 
coating at 3000 r.p.m. for 30 s. The hole transport material used here is also P3HT.  
In section 5.3.4, the devices were prepared as described above using P3HT as the 
HTM. Three different metals, gold, silver, aluminium, were all coated by thermal 
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evaporator on the top of P3HT layer respectively with thicknesses of ~120 nm.  
 
5.2.2 Device characterization  
Current density-voltage was measured by a simulated 100 mW/cm2 AM 1.5G solar 
simulation (Newport) and a Keithley 2400 source measure unit. A 3 mm × 3 mm metal 
mask was used to define the active area. Incident photon to current conversion efficiency 
(IPCE) was measured with QEX10 quantum efficiency measurement system. Stepped 
light-induced measurements of photocurrent and photovoltage (SLIM-PCV) were 
performed using a 635 nm diode laser as the illumination sauce. Photocurrent and 
photovoltage transients were induced by lowering of the laser intensity, and recorded by 
a multimeter (ADCMT 7461A). The electron lifetime was obtained by a stepped change 
in laser intensity resulting in a less than 1 mV photovoltage decay under open circuit 
conditions, and the diffusion coefficient was measured with less than 10% photocurrent 
decay at short circuit as explained in chapter II.  
 
 
5.3 Results and discussion 
5.3.1 The effect of tBP on CH3NH3PbI3 perovskite film 
In order to test whether tBP can dissolve the CH3NH3PbI3 perovskite easily,
16 both pure 
tBP and diluted tBP solution (232 mM) in chlorobenzene have been added onto the 
perovskite film directly. As shown in Figure 5.1, the dark brown perovskite film 
disappears immediately with the addition of pure tBP (b), and is disappearing slowly with 
the diluted tBP solution (a). The pure chlorobenzene has been used as control here (c). 
The tBP can indeed dissolve the perovskite to some extent, which depends on the amount 
and concentration of tBP. Small amounts of low concentrations of tBP solution could 
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possibly facilitate the recrystallization of perovskite, while excessive amount of tBP could 
damage the perovskite interface leading to a detrimental effect on the devices. 
 
 
Figure 5.1 Photograph of perovskite films when adding 232 mM of tBP diluted in 
chlorobenzene (a), pure tBP (b) and pure chlorobenzene (c). 
 
 
5.3.2 Combinative effect of additives mixed with HTMs on the device 
performance of perovskite solar cells   
Table 5.1 and Figure 5.2 show the photovoltaic parameters of perovskite solar cells using 
P3HT, spiro-OMeTAD, PCPDTBT as HTMs and HTM-free devices in three different 
conditions: no additive (Condition 1), with 11 mM of LiTFSI, and 41 mM of tBP 
(Condition 2), with 62 mM of LiTFSI, and 232 mM of tBP (Condition 3). The results 
are averaged from five devices for each condition. The J-V characteristics of 
representative devices for spiro-OMeTAD, P3HT, PCPDTBT and HTM-free are shown 
in Figures 5.3 -5.6 sequentially.  
In terms of the effect of additives on different HTM based devices and HTM-free 
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samples, the photovoltaic parameters exhibit different trends by varying the amounts of 
additives.  
 
Table 5.1 Photovoltaic parameters (average of 5 devices with standard deviation) of 
perovskite solar cells using no HTM, spiro-OMeTAD, P3HT and PCPDTBT as HTM 
(Condition 1: no additive, Condition 2: with 11 mM of LiTFSI, and 41 mM of tBP, 
Condition 3: with 62 mM of LiTFSI, and 232 mM of tBP) 
HTM conditions Voc (V) Jsc (mA/cm
2) Fill Factor ƞ (%) 
No HTM 
1 0.71 ± 0.02 14.8 ± 1.2 0.60 ± 0.03 6.2 ± 0.7 
2 0.75 ± 0.02 16.5 ± 0.9 0.60 ± 0.04 7.5 ± 0.2 
3 0.74 ± 0.02 10.9 ± 2.3 0.67 ± 0.04 5.3 ± 0.8 
P3HT 
1 0.64 ± 0.01 17.2 ± 1.6 0.55 ± 0.03 6.1 ± 0.6 
2 0.88 ± 0.01 17.3 ± 0.5 0.60 ± 0.03 9.1 ± 0.7 
3 0.83 ± 0.01 14.6 ± 0.9 0.60 ± 0.01 7.3 ± 0.4 
Spiro-
OMeTAD 
1 0.60 ± 0.01 2.1 ± 0.1 0.23 ± 0.01 0.3 ± 0.1 
2 0.69 ± 0.01 8.4 ± 0.7 0.32 ± 0.01 1.9 ± 0.2 
3 0.82 ± 0.01 18.2 ± 2.3 0.50 ± 0.07 7.2 ± 0.3 
PCPDTBT 
1 0.67 ± 0.01 15.3 ± 0.6 0.57 ± 0.01 5.8 ± 0.3 
2 0.82 ± 0.01 14.8 ± 0.9 0.64 ± 0.01 7.7 ± 0.4 





Figure 5.2 Photovoltaic parameters (average of 5 devices with standard deviation) of 
perovskite solar cells using no HTM, spiro-OMeTAD, P3HT and PCPDTBT as HTM in 




5.3.2.1 Comparison of additives  
(a) Spiro-OMeTAD 
For spiro-OMeTAD based devices, the parameters including Voc, Jsc, fill factor and 
power conversion efficiency (ƞ) are enhanced by increasing the amounts of additives. In 
Condition 1, without additives, the spiro-OMeTAD based devices show very poor 
photovoltaic performance with an average Voc of 0.60 V, Jsc of 2.1 mA/cm
2, fill factor of 
0.23, resulting in an average ƞ of 0.3%, which is the lowest among all devices. Similarly 
poor device performance of perovskite solar cells by using pristine spiro-OMeTAD as the 
HTM, attributed to its low conductivity (~10-8 S·cm-1), has been reported by the 
McGehee’s group.18 In Condition 2, with 11 mM of LiTFSI and 41 mM of tBP, the Voc 
increases to 0.69 V in average, and the average Jsc (8.4 mA/cm
2) is four times as high as 
that of Condition 1. Also, the fill factor and ƞ are enhanced to 0.32 and 1.9%, respectively. 
Despite the improved performance compared to Condition 1, the relative increase in 
conductivity of spiro-OMeTAD still limits the charge transport and results in a much 
lower photovoltaic performance than the devices using conductive polymers. However, 
in Condition 3, with 62 mM of LiTFSI and 232 mM of tBP, the average Voc, Jsc and fill 
factor have been boosted to 0.82 V, 18.2 mA/cm2, and 0.50 respectively, leading to a 
relatively high ƞ of 7.2%, which is about 3.8 times as that of Condition 2. Therefore, the 
addition of LiTFSI and tBP is highly important for the spiro-OMeTAD based devices. In 
addition to the improved conductivity of spiro-OMeTAD,19 the Fermi level of the spiro-
OMeTAD film has also been reported to be shifted downward by p-doped with the 
LiTFSI.20 Importantly, the performance in the best condition is comparable to HTM-free 
devices using moderate concentration of additives.  
 
(b) Conducting polymers P3HT, PCDTBT 
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With respect to the conductive polymers P3HT and PCPDTBT, the device efficiency 
has been improved significantly from Condition 1 to Condition 2, mostly due to the 
enhanced Voc, and fill factor. However, the Jsc doesn’t show an increase for both polymers, 
which suggests that the conductivity of the polymers is already high enough to achieve 
high photocurrent at short circuit conditions without any additives. Upon the addition of 
more LiTFSI and tBP, the device performance decreases from Condition 2 to Condition 
3, especially Jsc. It is proposed that the excessive tBP may damage the CH3NH3PbI3 
perovskite crystal structure, leading to the lower IPCE values. This hypothesis will be 
tested in the following sections. Therefore, the highest ƞ of P3HT based devices (9.1% on 
average) and PCPDTBT based devices (7.7% on average) have been achieved in 
Condition 2, which is higher than the reported results by Heo et al. in a similar condition.4 
Furthermore, the combined effect of optimized additives in P3HT as HTM improves the 
performance above that of HTM-free devices, suggesting HTM is still beneficial in PSCs.  
 
(c) HTM-free 
As for the devices without an HTM layer, the additives are mixed in pure 
chlorobenzene for the treatment in each condition. The Voc and Jsc slightly increase in 
Condition 2 with a small amount of additives, but start to decrease with more additives. 
Unlike the devices with the HTM layer, the change of the average Voc in HTM-free 
devices is less pronounced (within 40 mV) from Condition 1 to Condition 3, which 
implies the use of additives has some additional effect for the HTM-containing perovskite 
solar cells. However, there is a reproducible 20% increase in device performance using 
Condition 2 and a drop on device performance when the concentration of the additives 
is too high (Condition 3). This again suggests that the additives play a role beyond the 
commonly accepted influence on the HTMs themselves.  
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The benefit of using additives varies with the HTMs, following the trend of spiro-
OMeTAD > P3HT ≈PCPDTBT > HTM-free in the order of largest to smallest effects. 
 
 
Figure 5.3 J-V curves of spiro-OMeTAD based perovskite solar cells in three different 









Figure 5.5 J-V curves of PCPDTBT based perovskite solar cells in three different 
164 
 
conditions of additives. 
 
 




5.3.2.2 Comparison of HTMs 
To specifically look at the influence of the concentration of additives, the J-V 
characteristics of the representative devices at three different concentrations (Condition 
1: black, Condition 2: red, Condition 3: blue) for spiro-OMeTAD, P3HT, PCPDTBT 
and HTM-free devices are shown in Figures 5.7-5.9.  
(a) Condition 1 – No additives 
In Condition 1, the average Voc values are all lower than 0.7 V for HTM containing 
devices. The spiro-OMeTAD based devices show extremely poor photovoltaic 
performance including the lowest Voc, Jsc, fill factor and η, which is due to the low 
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conductivity of spiro-OMeTAD.18,19,21,22 For the polymeric hole conductors, the P3HT 
samples and PCPDTBT samples show comparable efficiencies, which are 6.1% and 5.8% 
on average respectively. The Voc of P3HT based devices is only 0.64 V, while the average 
Jsc is 17.2 mA/cm
2, which is the highest among all devices in this condition. As for the 
PCPDTBT based solar cells, the average Voc is 0.67 V, and the Jsc is 15.3 mA/cm
2 on 
average. Compared to the P3HT samples, the higher Voc (ΔV= 30 mV ± 20 mV), but 
lower Jsc of PCPDTBT based devices could be attributed to the slightly deeper HOMO 
level of PCPDTBT, and lower charge regeneration efficiency.23 The samples without 
HTM layer display a Voc of 0.71 V, Jsc of 14.8 mA/cm
2 and fill factor of 0.60 on average, 
leading to an average η of 6.2%. The Voc of HTM-free devices is the highest among all 
samples in Condition 1 without additives, albeit the slightly lower Jsc compared to the 
devices using polymeric hole conductors. This could also be due to the more negative 
valence band (VB) of the CH3NH3PbI3 perovskite than the HOMO levels of these HTMs. 
It can also be concluded that HTM-free devices would be the best for up scaling of PSCs 
if the manufacture does not allow the use of additives.  
(b) Condition 2 
In Condition 2, the photovoltaic performance of spiro-OMeTAD based solar cells is 
still limited by the poor conductivity of spiro-OMeTAD, resulting in the lowest values in 
Voc, Jsc, fill factor and η. The devices using P3HT as the HTM layer exhibit a Voc of 0.88 
V, and Jsc of 17.3 mA/cm
2 on average, contributing to an average η of 9.1%, which are 
the highest values. However, the PCPDTBT samples show a  lower η of 7.7% on average 
correlating to a lower Voc of 0.82 V, and a lower Jsc of 14.8 mA/cm
2. As for the HTM-
free devices, a Voc of 0.75 V and Jsc of 16.5 mA/cm
2 on average are obtained leading to 
an average η of 7.5%. Compared to the P3HT samples, the lower average Voc and Jsc 
observed in PCPDTBT based devices and HTM-free devices are possibly due to the 
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shorter electron lifetime, or shifted energy levels resulted from the introducing of 
additives, which requires the further investigation later. If up scaling allows the use of 
additives, the combination of P3HT and low concentration of additives seems most 
beneficial.  
(c) Condition 3 
In Condition 3, the data used here are the same with those used in Chapter IV. The 
spiro-OMeTAD based devices show similar Voc values with P3HT samples, which are 
about 0.1 V higher than the PCPDTBT samples and HTM-free devices. It is attributed to 
the longer electron lifetimes of spiro-OMeTAD and P3HT based perovskite solar cells, 
which have been demonstrated in Chapter IV already. In addition, the Jsc values are 
decreasing in the order of spiro-OMeTAD (18.2 mA/cm2) > P3HT (14.6 mA/cm2) > 
PCPDTBT (11.1 mA/cm2) > No HTM (10.9 mA/cm2), which is correlated to the different 
IPCE spectra as shown in Figures 5.10-5.13. Although the Jsc of spiro-OMeTAD is the 
highest among all devices, their average η (7.2%) is close to the P3HT based devices 
(7.3%) due to the relatively low fill factor. This suggests that even with increased 
concentration of additives, the conductivity of spiro-OMeTAD is still lower than that of 
P3HT.19 The results also suggest that the concentration commonly used in solid-state 
DSSCs is too high for PSCs when polymeric hole conductors are used, possibly due to 





Figure 5.7 J-V curves of perovskite solar cells without HTM layer and with varied HTM 
layers in Condition 1. 
 
 
Figure 5.8 J-V curves of perovskite solar cells without HTM layer and with varied HTM 
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layers in Condition 2. 
 
Figure 5.9 J-V curves of perovskite solar cells without the HTM layer and with varied 
HTM layers in Condition 3. 
 
 
5.3.2.3 The IPCE spectra of perovskite solar cells using different HTMs with varied 
amount of additives 
As discussed above, the different Jsc values of these perovskite solar cells could be further 
investigated by looking at the IPCE spectra in these three conditions (Condition 1: black, 
Condition 2: red, Condition 3: blue) as shown in Figure 5.10-5.13 for spiro-OMeTAD, 
P3HT, PCPDTBT based solar cells and HTM-free devices sequentially. As all devices 
exhibit photocurrent response in the wavelength region from 310 nm to 800 nm, the 
higher Jsc is attributed to the higher IPCE values which could be explained by the 
increased light harvesting, higher charge injection, regeneration or collection efficiency.  
For the spiro-OMeTAD based devices, the IPCE spectra change significantly with these 
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three conditions of additives. In Condition 1, a large dip occurs at the wavelength from 
350 nm to 600 nm with a low IPCE value of 6% at 530 nm. A broad maximum IPCE of 
30% is seen at the wavelength region from 600 nm to 750 nm. A similar, but shallower 
dip has been observed for Condition 2 from 350 nm to 600 nm with a lowest value of 
21%, following with a plateau IPCE of 45% from 600 nm to 750 nm. However, in 
Condition 3, the dip is not observed, with IPCE values over 70% across a broad 
wavelength region of 370 nm to 700 nm with a maximum of 82% at 480 nm. As the 
devices have been prepared with the same thickness of CH3NH3PbI3 film, light harvesting 
should not lead to difference in the IPCE spectra for spiro-OMeTAD based solar cells 
unless tBP changes the perovskite crystal structure. Low IPCE values at the shorter 
wavelengths (from 350 nm to 600 nm) in Condition 1 and Condition 2 could indicate 
inefficient charge collection limited by the low conductivity of spiro-OMeTAD without 
additives or with small amount of additives.24  
As for the P3HT and PCPDTBT samples, the variations of the IPCE are not as large 
as the spiro-OMeTAD based devices in these three conditions. For the perovskite solar 
cells using P3HT as the HTM, the maximum IPCE value of 79% at the wavelength of 
500 nm in Condition 1 increases to 82% in Condition 2. The improvement of 
photocurrent is mostly originating from the enhanced IPCE values at the wavelength of 
370nm-550 nm. However, in Condition 3, about 5% decrease of IPCE values has been 
observed at the wavelength range from 370 nm to 700 nm. For the PCPDTBT samples, 
the IPCE spectra of the solar cells in Condition 1 and Condition 2 are quite similar with 
a maximum IPCE of 78% and 79% at the wavelength of 420 nm respectively. While in 
Condition 3, about 10% decrease in IPCE values at the wavelength from 370 nm to 600 
nm has been observed. In this case, the small amount of additives used for P3HT samples 
and PCPDTBT samples in Condition 2 helps to enhance the IPCE values slightly, which 
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is not as significant as the spiro-OMeTAD. It indicates that the conductivity of P3HT and 
PCPDTBT is high enough to be used as the hole conductors in these small area devices. 
The small increase in the photocurrent could be attributed to changes to the photoactive 
layer, for example re-crystallisation of the perovskite layer in the presence of tBP. This 
will be investigated further by looking at the effect on each individual layer and each 
additive separately. At high concentration of additives, the IPCE shows a small decrease, 
which could be attributed to the damage of perovskite crystal for P3HT and PCPDTBT 
based devices when an excessive amount of additives are used. 
For the HTM-free devices, the maximum IPCE value exhibits an increase from 75% 
to 82% by using a small amount of additives. While further increasing the usage of 
additives to Condition 3 leads to an approximately 10% decrease in IPCE values at the 
wavelength range from 400 nm to 750 nm with a maximum of 72% at 410 nm. The 
variation of the IPCE spectra for HTM-free devices is in the similar trend, but much larger 
than that of P3HT samples. This suggests the additives are more effective in the 
perovskite solar cells without HTM layer. The similarity of the trend of IPCE between 
HTM-free and P3HT, PCPDTBT devices suggest a similar mechanism is operational, not 
directly related to the HTM itself. Changes to the perovskite layer by the additives are 




Figure 5.10 IPCE spectra of spiro-OMeTAD based devices in Condition 1 (black), 
Condition 2 (red), and Condition 3 (blue). 
 
Figure 5.11 IPCE spectra of P3HT based devices in Condition 1 (black), Condition 2 (red), 




Figure 5.12 IPCE spectra of PCPDTBT based devices in Condition 1 (black), Condition 2 
(red), and Condition 3 (blue). 
 
Figure 5.13 IPCE spectra of HTM-free devices in Condition 1 (black), Condition 2 (red), 




5.3.3 Diffusion coefficients and electron lifetimes of perovskite solar 
cells using different HTMs with varied amount of additives 
The diffusion coefficients and electron lifetimes are determined through the stepped light-
induced transient measurements of photocurrent and photovoltage measurement (SLIM-
PCV), which could help to explain the different Jsc and Voc resulted from the varied 
amount of additives and HTMs. Two separate solar cell pixels prepared in the same 
condition have been tested for each condition.  
 
5.3.3.1 Diffusion coefficients 
Figures 5.14-5.17 show the diffusion coefficients plotted against the Jsc for spiro-
OMeTAD, P3HT, PCPDTBT and HTM-free perovskite solar cells in three different 
conditions. With a low concentration of additives, the diffusion coefficients of all samples 
show a slight increase within one order of magnitude as compared to Condition 1 at 
equivalent Jsc. Whereas, the values are not further enhanced with further increased 
concentration of additives to Condition 3, except for the spiro-OMeTAD based devices. 
For spiro-OMeTAD based devices, the diffusion coefficients increase significantly by 
one order of magnitude. The improved diffusion coefficients could be attributed to the 
increased conductivity and tBP screening of electrons in TiO2 by the ionic additives, 
particularly Li+.7,25 However, due to the low increment conductivity of spiro-OMeTAD, 
a higher concentration of additives are required in order to get good performance, whereas 




       
Figure 5.14 Diffusion coefficient plotted against short circuit current for spiro-OMeTAD 
based devices 
 
       





      








5.3.3.2 Electron lifetimes 
In terms of electron lifetimes as shown in Figure 5.18-5.21, the trend is quite different 
for these perovskite solar cells. Although the diffusion coefficients are higher when using 
a larger amount of additives (Condition 3), the electron lifetime of the spiro-OMeTAD 
based device shows about an order of magnitude increase. For P3HT, PCPDTBT based 
devices, the electron lifetimes are enhanced for more than one order of magnitude by 
using small amounts of additives (Condition 2). Electron lifetimes do not increase any 
further for P3HT samples with more additives (Condition 3), while this high 
concentration of additives leads to decreased electron lifetime for the PCPDTBT samples. 
For HTM-free devices and spiro-OMeTAD based devices, the electron lifetimes are not 
increasing at a certain Voc, from Condition 1 to Condition 2. 
The increased electron lifetimes can lead to higher Voc due to higher charge density. 
However, the Voc may also increase due to the built-in voltage shifted in the conduction 
band (CB) potential of TiO2, the HTM/metal contact work function or the ion 
migration.26-28 The electron lifetime observed under the same light intensity doesn’t show 
large variation, especially for P3HT and PCPDTBT samples. This suggests the change of 
Voc resulting from the use of additives could be correlated to the change of HTM/metal 
interface. As the treatment of additives is employed by mixing the LiTFSI and tBP in 
HTM solutions and spin-coated on the top of perovskite layer, they could not only 
influence the HTM layer, but also effect on the interfaces of perovskite | HTM, or HTM 
| metal contact. These hypotheses will be further investigated in the following sections. 
As an inexpensive and easily available HTM with a relatively high hole mobility,29,30 
P3HT based perovskite solar cells have shown a power conversion efficiency of 9.1% on 
average in Condition 2, which is the highest among these devices. As such, the P3HT 
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will be selected as the HTM for the further investigations in the rest of sections.  
 
 
Figure 5.18 Electron lifetime plotted against open circuit voltage for spiro-OMeTAD based 
perovskite solar cells. 
 
 
Figure 5.19 Electron lifetime plotted against open circuit voltage for P3HT based 
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perovskite solar cells. 
 
 
Figure 5.20 Electron lifetime plotted against open circuit voltage for PCPDTBT based 










5.3.4 Sequential treatment of additives on individual layers for P3HT 
based perovskite solar cells 
As mentioned above, the additives are commonly mixed into HTM solution and then spin 
coated on the top of perovskite layer. As such, the additives could effect other layers in 
perovskite solar cells if they can diffusion through the perovskite layer. SEM images in 
chapter 3 suggested some porosity remaining in the TiO2 film after perovskite deposition, 
indicates the diffusion of additive component through the structure. To investigate the 
effect of the additives on each layer, the additives are spin coated onto each individual 
layer of the mesoscopic perovskite solar cells using P3HT as the HTM. 11 mM of LiTFSI 
and 41 mM of tBP are mixed in chlorobenzene (AD) used for the additional treatment. 
The treatment conditions as well as the corresponding photovoltaic parameters are listed 
in Table 5.2. The perovskite solar cells prepared with no additives in Condition 1, as 
well as the devices made with P3HT mixed with LiTFSI and tBP in Condition 2, are used 
as controls. The J-V characteristics under one sun illumination of the representative 
devices for each condition are shown in Figure 5.22. All samples in Section 5.3.4 have 
been prepared in the same batch of devices, but from the separated batches as shown in 
the previous sections.   
Unlike the liquid-state DSSCs, in the configuration of mesoscopic perovskite solar 
cells with a capping layer of perovskite on the top of TiO2, no direct path is expected for 
the direct contact of additives (LiTFSI and tBP) and the TiO2, which will limit the Li
+ 
ions and tBP migrate to the TiO2 surface.  
The pre-treatment of additives was tested by spin coating of the AD solution on 
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mesoporous TiO2 layer before depositing the perovskite layer (Condition 4). No 
significant difference is observed compared to the perovskite devices without additives. 
It indicates that even if some of the additives penetrate and contact the TiO2 film, the 
device performance is not critically influenced by the addition of LiTFSI and tBP.  
In Condition 5, the AD solution has been directly spin coated on top of the perovskite 
layer under the pristine P3HT layer. The Jsc is significantly enhanced to 19.5 mA/cm
2, 
and the fill factor also increases to 0.64 on average, leading to an improved power 
conversion efficiency (PCE) of 8.2%, albeit the Voc is only 0.66 V. As shown in Figure 
5.1, the addition of tBP on top of the CH3NH3PbI3 perovskite film will dissolve the 
perovskite material, whereas the highly diluted tBP might facilitate the recrystallization 
of the CH3NH3PbI3 perovskite crystals. The better crystallization of perovskite with an 
improved perovskite morphology is suggested to help enhance the conductivity of 
perovskite, charge transport and diffusion length.31,32  
In Condition 6, the LiTFSI and tBP have been post-treated on the top of P3HT layer 
by spin coating of the same AD solution. Compared to the devices in Condition 1, the Jsc 
has a similar value of 15.8 mA/cm2, while both Voc and fill factor exhibit a large 
improvement resulting in an increased PCE of 8.3%. It implies that the additives are 
playing a crucial role at the interface between P3HT and metal cathode. It is proposed 
that the additives, especially tBP, are possibly creating a localized negative ionic charge 
at the interface of gold contact leading to a negative shift on its work function. This 
hypothesis is further examined in Section 5.3.6.  
Therefore, the addition of LiTFSI and tBP in P3HT solution (Condition 2) could not 
only increase the conductivity of the P3HT, but also influence on the interfaces of 
perovskite and gold contacts, leading to a highest PCE of 9.1 % on average with an 









Device condition  Voc (V) Jsc 
(mA/cm2) 
Fill factor  PCE (%) 
1 TiO2/Perovskite/P3HT/Au 0.64±0.05 15.7±1.3 0.53±0.02 5.3±0.3 
2 TiO2/Perovskite/P3HT+AD/
Au 
0.78±0.02 16.7±1.9 0.70±0.09 9.1±1.8 
4 TiO2/AD/Perovskite/P3HT/
Au 
0.66±0.02 15.9±2.1 0.59±0.01 6.2±0.8 
5 TiO2/Perovskite/AD/P3HT/
Au 
0.66±0.02 19.5±1.3 0.64±0.03 8.2±0.4 
6 TiO2/Perovskite/P3HT/AD/
Au 











5.3.5 Effect of individual additive on P3HT based perovskite solar cells 
Aiming to separate the influence of LiTFSI and tBP, these two additives have been 
individually used in the perovskite solar cells. All samples demonstrated in this section 
have been prepared in the same batch of devices, but from different batches of the devices 
in previous sections. Table 5.3 summarizes the average values of Voc, Jsc, fill factor and 
power conversion efficiency (PCE) from 5 devices for each condition. The J-V curves of 
the representative devices are displayed in Figure 5.23. The perovskite solar cells in 
Condition 1 with no additive are also prepared as the control in this section. 
As shown in Condition 7, the tBP containing P3HT layer is employed in the 
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perovskite solar cells leading to a 100 mV enhancement in Voc, and 1 mA/cm
2 increase 
in Jsc on average, thereby contributing to an improved PCE of 6.8%. As mentioned above, 
the small amount of tBP could help to recrystallize the perovskite contributing to an 
enhanced Jsc. Additionally, it has also been proposed that tBP can polarize the interface 
of P3HT ǀ metal contact,33 which will be tested in the next section. In Condition 8, the 
devices made with LiTFSI mixed P3HT layer show about 180 mV increase in Voc, and a 
close Jsc of 14.4 mA/cm
2, which also results in an improved PCE of 6.5%.  
It has been suggested that the use of LiTFSI can increase the charge carrier density, 
and also downward shift the HOMO level of the HTM layers thereby enhancing the 
Voc.
34,35 Therefore, the LiTFSI is more important for achieving a higher Voc, while tBP 
helps to enhance both Voc and Jsc in moderate amounts. This is different with the roles of 
these two additives are understood to play in DSSCs, where tBP helps to inhibit the 
recombination thereby improving the Voc and LiTFSI contributes to an increased electron 
injection efficiency, hence enhancing the Jsc.
6,36 Nevertheless, the highest PCE of 7.8% 
on average is obtained by the solar cells with both LiTFSI and tBP (Condition 2) 
contributing from the higher Voc of 0.84 V, higher Jsc of 15.5 mA/cm
2, and higher fill 
factor of 0.70. This suggests that the combination of LiTFSI and tBP could improve the 
device performance significantly more than each individual additive alone.  
 
Table 5.3 Photovoltaic performance of devices using P3HT mixed with individual additive 
or mixed additives (AD) 
Condition 
No. 
Device condition  Voc (V) Jsc 
(mA/cm2) 
Fill factor  PCE (%) 
1 TiO2/Perovskite/P3HT
/Au 





0.84±0.07 15.5±1.8 0.70±0.02 7.8±0.8 
7 TiO2/Perovskite/P3HT
+tBP/Au 
0.77±0.01 15.4±0.5 0.57±0.01 6.8±0.2 
8 TiO2/Perovskite/P3HT
+LiTFSI/Au 
0.85±0.01 14.4±0.5 0.53±0.07 6.5±1.2 
 
 
Figure 5.23 J-V curves of perovskite solar cells using P3HT mixed with individual additive 
or mixed additives 
 
 
5.3.6 The influence of additives on different metal contacts 
As proposed above, the additives mixed in P3HT layer may have an effect on the interface 
charge between P3HT and the metal contact, resulting in the shift of the contact work 
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function. The addition of LiTFSI and tBP could generate a charge barrier at the interface 
of metal contact and downward shift the energy level, especially with the low work-
function metal contacts. Therefore, a series of metal contacts with different work 
functions, involving Au (-5.1 eV), Ag (-4.74 eV) and Al (-4.06 eV) are employed in 
perovskite solar cells with and without using the additives.35 The additives used here as 
in Condition 3 with 62 mM of LiTFSI, and 232 mM of tBP. The results summarized in 
Table 5.4 are averaged from 4 separate solar panels containing 12 devices for each 
condition. The Voc and Jsc values are compared in Figure 5.24 and Figure 5.25 
respectively.  
In the additive-free condition, the perovskite solar cells coated with aluminium 
contacts show a very low Voc of 0.13 V and Jsc of 0.0017 mA/cm
2. It could be ascribed to 
the back-junction effect at the interface of P3HT ǀ Al due to the low work-function of Al. 
The perovskite solar cells coated with silver contacts show about 5 times (~0.67 V) higher 
in Voc, and three orders of magnitude higher in Jsc values compared to the Al coated 
devices. Both these parameters are slightly lower than the perovskite solar cells coated 
with gold contacts. The trend of Voc in the order of Au based cell > Ag based cell > Al 
based cell matches the reported work-function difference of these metals.37 All devices 
display a significant improvement, especially in Jsc by using the additives mixed in P3HT. 
The Voc of Al based devices has been enhanced to 0.39 V on average, which is 3 times of 
that in additive-free condition. Furthermore, both Au and Ag based devices show an 
increased Voc of 0.77 V in average, which indicates a small difference of work-function 
between Au and Ag doesn’t affect the Voc of these perovskite solar cells in the condition 
of using additives. Additionally, the Jsc values are also tremendously increased for these 
different metals based samples with additives. As the additives are mixed in P3HT for 
fabrication, the increase of Jsc could be due to the other reasons discussed as the previous 
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sections, such as re-crystallisation of the perovskite layer in the presence of tBP. 
Nevertheless, the variations in fill factor of the devices with the Ag contact and the Al 
contact show a different trend with the additives. Especially for the cell with the Ag 
contact, the fill factor decreases significantly by using the additives (from 0.42 to 0.29). 
It could be due to the lower stability of the thin Ag contact compared to the Au contact. 
As reported, Ag contact can be corroded easily in contact with perovskite material in 
particular under the environment contains H2O.
38,39 Although the humidity has been 
roughly controlled to ~10% during the fabrication processes, the existence of H2O is 
inevitable. Thereby, the addition of LiTFSI and tBP is hypothesized to induce the 
corrosion of Ag contact in presence of trace moisture, resulting in the decrease of fill 
factor.  
 
Table 5.4 Photovoltaic parameters of perovskite solar cells using different metal contacts 
Contacts Voc (V) Jsc (mA/cm
2) Fill factor Efficiency (%) 
Al (No AD)  0.13 ±0.01 0.0017 ±5E-4 0.35 ±0.02 0.01±0.003 
Al (AD)  0.39 ±0.03 0.005 ±0.000 0.30 ±0.05 0.06 ±0.012 
Ag (No AD) 0.67 ±0.06 5.8 ±2.4 0.42 ±0.09 1.68 ±0.74 
Ag (AD)  0.77 ±0.02 13.5 ±2.2 0.29 ±0.02 3.02 ±0.51 
Au (No AD) 0.71 ±0.07 7.9 ±2.2 0.34 ±0.06 1.85 ±0.54 










Figure 5.25 Difference of Jsc for these metal contacts (N: no additive, A: with additives) 
 
 
5.4 Conclusion and further work 
The use of LiTFSI and tBP as additives in mesoscopic perovskite solar cells help to 
improve the device performance including Voc, Jsc, fill factor and PCE. However, the 
enhancements vary depending on the HTMs. For those devices limited by the poor 
conductivity of hole transporting layer, such as spiro-OMeTAD, higher concentration of 
additives is required to improve the electronic properties of the HTM, but may bring other 
problems like that excessive additives will reduce the stability of the device. Whereas for 
the materials with higher conductivity, like P3HT and PCPDTBT, the additive effects are 
less dramatic. In HTM-free devices, the Jsc has been mostly improved attributing to the 
enhanced IPCE. In order to further investigate the role of these two additives, LiTFSI and 
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tBP have been individually added in the P3HT samples. The addition of LiTFSI enhanced 
the Voc of perovskite solar cells about 200 mV, but do not change the Jsc. However, the 
use of tBP improves about 100 mV of Voc and 1 mA/cm
2 of Jsc. The combination of 
LiTFSI and tBP pushes both Voc and Jsc higher resulting in the highest PCE consequently.  
As the additives have been mixed in P3HT solution, which may also effect on other 
layers in mesoscopic configuration, the additives are treated sequentially on each layer 
for comparison. The treatment of these two additives on mesoporous TiO2 could only 
influence the device performance slightly. Jsc is highly improved by the additive treatment 
on the perovskite layer due to the perovskite interface are partially recrystallized by the 
small amount of additives. In addition, the additive treatment on P3HT layer do not 
enhance the Jsc, but improves the Voc mostly, which also results in a relatively high PCE. 
It could be attributed to the change of interface charges between P3HT and the metal 
contact. Therefore, different metal contacts have been also applied in the perovskite solar 
cells to check the effect of these additives. The results show additives are possible to 
adjust the work function of metal contacts which lead to an improved Voc. However, the 
specific roles of LiTFSI and tBP at the interface of HTM ǀ metal contacts are not fully 
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6 Chapter VI Larger scale Perovskite 





6.1 Introduction  
As the perovskite solar cells are well known for being easily prepared by solution 
processing methods, they are promising for large-area industrial applications and 
commercialization. However, for scaling up of perovskite solar cells, continuous 
processing techniques are performed that are amenable to large scale manufactures. 
Although the development of several CH3NH3PbI3 deposition techniques for large area 
fabrication is underway, a fully printable module has not been demonstrated up to now.1-
8 Most reports are focused on the demonstration of scalable deposition of large-area 
perovskite films, such as spray coating,6,9 blade coating,2,7 screen printing,5 slot-die roll-
to-roll coating,3 and inkjet printing.4 However, there are still very few investigations 
focusing on employing printing of the other layers. Specifically, there are no studies 
directly comparing the effect of different deposition techniques, for example the 
differences between spin coating or blade coating of the hole transport layer.  
In previous chapters, the role of various layers and the combined effect of hole 
transport materials, ionic additives and contact materials was tested using small scale 
devices. In this chapter, the aim is to test the suitability of those findings for upscaling 
using printing techniques.  
The particular challenges and open questions are: 
1. Film uniformity and defects in large-size devices: The deposition techniques 
applied in the previous chapters (handheld spray coating, spin coating) were 
shown to be suitable for the preparation for devices with small active area. When 
the active area is increased, the chance of a major defect or pinhole increases. 
Furthermore, while these techniques provided reasonably uniform film 
thicknesses over small active area, the suitability to produce uniform layers over 
1 cm2 areas is not certain.  
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2. Morphology, electronic properties and film thickness: Using printing technique 
such as doctor blading, the film thickness, morphology and electronic properties 
such as conductivity of the films may vary due to different drying conditions. 
3. Different deposition environment and its effect on film degradation. Spin coating 
can be performed in our lab in the glovebox, while the doctor blading technique 
can only be used outside in ambient atmosphere. This suggests that samples 
prepared outside of the glove box should be more robust, potentially requiring 
thicker layers to increase stability. 
4. Size effect: Even if the active layers could be deposited uniformly over large areas 
without pinholes, the increased solar cell size may lead to degradation of device 
parameters. Firstly, as the active area increases, the current output is increased. At 
higher current densities according to Ohm’s law, the effect of series resistance, 
manifested by decreased fill factor is more critical.  
5. Up-scaled devices require changes to the electrode design / pattern which may 
also influence charge collection. 
6. Edge effects: There might be increased mechanical defects near edges of the 
photoactive layers due to mechanical stresses during sintering and drying of the 
subsequent layers causing shorts and pinholes. As the size of the electrodes is 
increased, the relative contribution of the defects from near the edge reasons 
should decrease. Unlike the questions from 1 to 5, this should benefit larger 
devices.  
To investigate the above issues, larger area perovskite solar cells (max substrate size 
of 55 mm × 55 mm) are fabricated in this chapter with a similar cross-sectional 
architecture to the small-scale devices in previous chapters, namely a compact TiO2 layer 
(cp-TiO2), a mesoporous TiO2 layer, a CH3NH3PbI3 perovskite layer, a hole conductor 
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layer, and an evaporated gold contact.  
However, deposition techniques that work well for small scale devices (20 × 25 mm2 
substrate size) but are troublesome for large devices are eliminated.  
The deposition techniques used for the small-scale devices are listed in Table 6.1. Among 
these, handheld spray pyrolysis and spin coating are difficult to apply consistently in the 
fabrication of large-scale devices. To overcome these problems, firstly, an automated 
ultrasonic spray coating system is developed for the cp-TiO2 layer to replace the handheld 
deposition technique. The quality of the cp-TiO2 is evaluated by comparing the cp-TiO2 
substrates produced by the handheld spraying pyrolysis method by looking at the 
morphology and device performance. Secondly, the perovskite layer and hole 
transporting layers are deposited by using a doctor-blade coating system. Doctor blade 
technique was chosen because it is easy to control the film thickness, less waste of 
materials,10,11 and it also fits to the idea of scalable deposition technique to large scale 
manufacturing. First, the following combination of deposition techniques are used in 
small-scale devices with an active area of 0.09 cm2 in order to find out which layers need 
to be further optimized before the large-scale deposition methods applied for larger area 
devices: 
i) spin coated (sp) perovskite + spin coated (sp) P3HT;  
            ii) doctor bladed (DB) perovskite + spin coated (sp) P3HT; 
            iii) spin coated (sp) perovskite + doctor bladed (DB) P3HT;  
            iv) doctor bladed (DB) perovskite + doctor bladed (DB) P3HT. 
Based on these results, larger-scale devices with an active area of 2 cm2 are prepared. 
The effect of increasing the active area of perovskite solar cells on device performance 





Table 6.1 Different deposition techniques employed in small-scale devices and up-scale devices 
Layer 
Deposition technique in 
previous chapters 
Easy or difficult for 
scalable processing 
Deposition technique for 
Up-scaled devices 
cp-TiO2 Handheld spray pyrolysis 
 
Unreliable 
Automated ultrasonic spray 
mp-TiO2 Screen printing No issue Screen printing 
CH3NH3PbI3 Spin coating & dipping 
Non-uniform film on 
large area, hard to 
control 
Doctor blading & dipping 
P3HT Spin coating 
Non-uniform on 
large area, hard to 
control 
Doctor blading 
Au Thermal evaporation  
Easy to control, slow 
and expensive 
Thermal evaporation, not 
replaced here as it is out of 




6.2 Experimental  
6.2.1 SONOTEK spray coating of compact TiO2 (cp-TiO2) layer  
All compact TiO2 layers in this chapter were deposited on cleaned FTO glasses by spray 
pyrolysis of a diluted titanium diisopropoxide bis(acetylacetonate) (TAA) solution in 
ethanol using a SONOTEK spray coating setup combined with a high-temperature hot 
plate (Figure 6.1). The commercial TAA solution was diluted by pure ethanol in the 
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volume ratio 1:19. Although the patterned FTO glasses on the hot plate were pre-heated 
to 500 ˚C, the actual temperature of the glass was measured to be only about 400˚C due 
to airflow from extraction system. A 60 kHz spray nozzle was used, and the working 
distance between the nozzle and the glass was kept to 10 cm. The flow rate of the prepared 
solution was set to 1 ml/min, and was assisted with the carrier air at 100 kPa. The 
automatic spray moved in a serpentine pattern, first x, then y. The speed and line spacing 
were controlled at 100 mm/s and 5 mm respectively. The rounds of spray coating were 
varied for optimization the layer thickness. One cycle of spray coating included one x and 
one y serpentine pattern.  
 
 
Figure 6.1 Schematic of the automated spray coating setup (left) and spraying path (right). 
 
 
6.2.2 Device fabrication  
For the optimization of SONOTEK spray pyrolysed cp-TiO2, first, perovskite solar cells 
were fabricated on small substrates as in previous chapters. A submicron-thick 
mesoporous TiO2 (mp-TiO2) film was prepared by screen printing of 1:1 weight ratio 
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diluted TiO2 paste (90T, Dyesol) in terpineol. The FTO/cp-TiO2/mp-TiO2 glass sheet was 
cut down to size (20 mm by 25mm). A TiCl4 treatment was applied to the mesoporous 
TiO2 layer directly before the deposition of perovskite layer. The perovskite layer was 
prepared as follows: 460 mg of PbI2 (Lumtec) was dissolved in 1 ml of N, N-
dimethylformamide (Sigma-Aldrich) at 70 °C by stirring overnight. A PbI2 solution was 
spin coated onto the mesoporous TiO2 film at 2000 r.p.m. for 30 s and dried at 70 °C for 
30 min. After cooling them down, the PbI2 films were dipped into a 10 mg/mL of 
CH3NH3I (Dyesol) solution dissolved in isopropanol (Sigma-Aldrich) for 20 s, and rinsed 
by pure isopropanol, then dried at 70 °C for 30 min. 15 mg of P3HT was dissolved in 1 
ml of chlorobenzene (Sigma-Aldrich), stirred at 70 °C in the glove box, mixing with 6 μl 
of Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) solution (520 mg/ml in 
acetonitrile) and 6 μl of tert-Butyl pyridine (tBP). The prepared solution was deposited 
by spin coating at 3000 r.p.m. for 30 s. Finally, a 60 nm of gold was coated by thermal 
evaporation on top of the cells through a shadow mask with active area of 3 mm×3 mm. 
All devices were encapsulated in the glove box before testing.  
For larger size devices, the prepared substrates (FTO glass/cp-TiO2/mp-TiO2) were 
cut to the size of 55 mm × 55 mm before the deposition of the perovskite and P3HT. This 
is selected  as both spin coating and doctor blading can be completed, allowing direct 
comparison of techniques (Figure 6.2). The PbI2 solution, the CH3NH3I solution (dipping 
treatment), and the P3HT solution were prepared as described as above. The temperature 
of the plate of the doctor blade coater was set to 70 °C and the blade speed was 10 mm/s. 
The spin coating was performed at room temperature at the same spin speed with a larger 
spin coater (Laurell WS-650-23) before drying at 70 °C. The substrate was subsequently 
cut into stripes with the size of 20 mm × 55 mm. The gold contact was deposited by 
thermal evaporation using a mask with an active area of 5 mm×40 mm. All devices were 
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encapsulated in the glove box before testing.  
 
 
Figure 6.2 Schematic of doctor blading of PbI2 incorporating with dipping treatment of 
CH3NH3I to form CH3NH3PbI3 perovskite 
 
 
6.2.3 Device characterization  
Current density-voltage (J-V) curves were measured by a simulated 100 mW/cm2 AM 
1.5G solar simulator and a Keithley 2400 source meter. All devices were tested with a 
mask (3 mm × 3 mm for small-scale devices, and 5 mm × 40 mm for upscale devices) to 
define the active area. Incident photon to current conversion efficiency (IPCE) was 




6.2.4 Film characterization  
For the characterization of cp-TiO2 layer, a symmetrical cell with an active area of 1 cm
2 
was prepared consisting of two cp-TiO2 coated FTO glasses as front and back contacts, 1 
mM of Fc/Fc+ as redox couple and 0.01 M of TBAP as supporting electrolyte. The J-V 
tests under the dark condition were conducted by sweeping the voltage from 0.9 V to -0.9 
V. UV-vis absorption spectroscopy of the films was measured using a Shimadzu UV-
1800 spectrophotometer. The top-view SEM of cp-TiO2 films, perovskite films, and 




6.3 SONOTEK spray coating of compact TiO2 layer (cp-
TiO2) 
6.3.1 Requirements of the cp-TiO2 layer 
The compact TiO2 (cp-TiO2) layer commonly used in mesoscopic DSSCs and perovskite 
solar cells is a crucial component serving to prevent positive charge carriers from reacting 
with the FTO directly, which would shunt the devices.12,13 The requirements of a good 
quality cp-TiO2 film for the scaling up purpose include: 1) free of pinholes; 2) low 
resistivity; 3) high transparency.14,15 
In this section, the automatic SONOTEK spray coating system will be employed to 
deposit the cp-TiO2 underlayer. The morphology of SONOTEK spray coated cp-TiO2 
film will be compared with the handheld spray coated cp-TiO2 film. By controlling the 
thickness of cp-TiO2 layer by varying the number of spray cycles, the influence of cp-




6.3.2 Top-view SEM of cp-TiO2 film  
Figure 6.2 and Figure 6.3 show the top-view SEM images of the handheld sprayed cp-
TiO2 film with a thickness about 60 nm, and the SONOTEK sprayed cp-TiO2 film with a 
thickness of about 30 nm, respectively. Some small fused TiO2 particles are visible fused 
together at the edges of the FTO in the images of the cp-TiO2 films deposited by the 
handheld spray technique as shown in Figure 6.3. However, the cp-TiO2 film deposited 
by 1 cycle of SONOTEK spray coating (Figure 6.4) shows sharp grain edges, which 
could arise from the reduced droplet size produced by the high frequency of the ultrasonic 
nozzle. Therefore, a more compact TiO2 layer can be obtained by the SONOTEK spray 
coating system with less fused TiO2 particles benefiting from the ultrasonic nozzle. A top-







Figure 6.3 Top-view SEM of handheld sprayed TiO2 on FTO glass 
 
 





Figure 6.5 Top-view SEM bare FTO glass 
 
 
6.3.3 The blocking property of cp-TiO2 
The ability of cp-TiO2 films to block electron transfer is characterized by using 
electrochemical current to voltage measurements (Figure 6.7) in a symmetrical cell 
consisting of two FTO glasses coated with cp-TiO2, and a ferrocene containing electrolyte 
(Figure 6.6). It is a simpler and quicker method which eliminates device to device 
variabilities and only examine cp-TiO2 layer, compared to testing with perovskite or hole 
transport materials.16 The symmetrical cell prepared using two bare FTO glasses is used 
as the control. By sweeping the voltage from 0.9 V to -0.9 V, the redox reaction: 
Fc →Fc+ + e- 
 proceeds at the positively biased electrode while the reverse reaction: 
Fc+ + e- →Fc 
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proceeds at the negatively polarized electrode. The measured J-V curve using two bare 
FTO glasses is symmetrical. Upon the addition of cp-TiO2 layer on the FTO glass with a 
good surface coverage, the deep lying valance band and TiO2 conduction band that is 
higher than that of FTO should prevent the easy oxidation / reduction of ferrocene.17 
However, when there are pinholes at the interface of FTO/cp-TiO2, poor blocking effect 
should result in higher current, even at low applied voltages. The J-V curves of 
symmetrical devices made without cp-TiO2 layer and with different spray cycles of 
prepared TAA solution on FTO glasses are exhibited in Figure 6.7. The current has been 
reduced with increasing the number of spray cycles indicating the enhanced blocking 
characteristic of the cp-TiO2, which is probably due to the increased coverage of cp-TiO2 
film. Beyond four cycles of spray coating, the current does not decrease significantly 
implying the optimum coverage of cp-TiO2 film has been reached using the SONOTEK 
spray coater with the above parameters.  
 
Figure 6.6 Schematic of the symmetrical cell made with two cp-TiO2 coated FTO glasses 






Figure 6.7 J-V curves of symmetrical devices made with different spray cycles of TAA on 
FTO glasses by using SONOTEK spray coating system (The ½ cycle is just sprayed in one 
x axis route) 
 
 
6.3.4 UV-vis absorption spectra of the cp-TiO2 layers 
The UV-vis absorption of SONOTEK spray coated cp-TiO2 films on FTO glasses are 
measured by UV-vis spectroscopy (Shimadzu UV-1800). Figure 6.8 shows the UV-vis 
spectra of cp-TiO2 layer varied by spray cycles after subtracting the absorption of FTO 
glass. Figure 6.9 displays a linear increase of the absorbance at the 325 nm wavelength 
as the number of spray cycles increased. Figure. 6.9 indicates that the same amount of 
TiO2 material is deposited in each spray cycle. Four cycles produced a cp-TiO2 layer with 
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a thickness of 93 ± 20 nm (averaged from three samples) was measured using a 
profilometer (Veeco Dectak150). The thickness of each cycle of cp-TiO2 layer can be 
roughly calculated to be ~20-25 nm. Note that accurately measuring such thin (20 nm) 
layers and considering the surface roughness of the FTO substrates is very challenging. 
The optical properties determined by UV-vis can be used to determine the thickness of 
the thinner layers using the optical density of the thicker layers than could be also 
measured using the profilometer. Therefore, the thicknesses of n cycles sprayed cp-TiO2 
films can be calculated as (20×n) nm.  
 
 
Figure 6.8 UV-vis spectra of cp-TiO2 films on FTO glasses with spray cycles of 1, 2, 4, 6, 8. 





Figure 6.9 Absorbance of cp-TiO2 at 325 nm with different spray cycles 
 
 
6.3.5 Photovoltaic performance of perovskite solar cells with 
SONOTEK spray coated cp-TiO2  
The photovoltaic parameters of perovskite solar cells made with SONOTEK spray coated 
cp-TiO2 film using different spray cycles are summarized in Table 6.2 and Figure 6.10. 
The current-voltage (J-V) characteristics of corresponding devices which are close to the 
average performance are presented in Figure 6.11. The lowest Voc (0.65 V) and Jsc (10.9 
mA/cm2) are exhibited for the devices without cp-TiO2 layer, leading to a lowest power 
conversion efficiency (ƞ=3.2%). With increasing the number of spray cycles, the Voc 
values kept rising until reaching the maximum values of 0.75 V in 4 cycles. Further 
increasing the number of cycles, the Voc did not increase further. The trend of Jsc and ƞ is 
the same: both increases with increasing spray cycles and reaches the highest Jsc value 
(19.5 mA/cm2) for the solar cells using the cp-TiO2 film deposited using 4 cycles, 
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resulting in the highest average ƞ of 8.1%. More spray cycles does not result in further 
increases in the Jsc and ƞ start to decrease using more than 4 spray cycles. The 
enhancement of device performance including Voc, Jsc with increasing number of spray 
cycles to up to 4 can be explained by achieving sufficient thickness of TiO2 to suppress 
the recombination at the interface of the FTO / TiO2 / perovskite layers, consistent with 
the results in section 6.3.3. Whereas, more spray cycles result in more TiO2 nanoparticles 
deposited on the FTO glass as monitored by UV-vis spectra (Figure 6.8), which could 
lead to a higher series resistance as undoped TiO2 is an insulator with low intrinsic 
conductivity. Therefore, when the full surface coverage has been achieved, further 
increasing the spray cycles will be expected to reduce the fill factor with a too thick TiO2 
underlayer. Whereas, the drop in Jsc observed with increasing the spray cycles to 8 could 
be attributed to the loss of transmittance.18 
These results show that SONOTEK spray coating can be successfully applied over large 
area, which should be beneficial for large scale manufacturing of perovskite solar cells.  
 
Table 6.2 Average photovoltaic parameters for perovskite solar cells with SONOTK spray 
coated compact TiO2 layer 
Cycles of spray Voc (V) Jsc (mA/cm2) Fill Factor ƞ (%) 
             0   0.65 ± 0.01    10.9 ± 1.5      0.46 ± 0.02       3.2 ± 0.4 
             1   0.67 ± 0.01    12.1 ± 3.8      0.51 ± 0.04       4.2 ± 1.6 
             2   0.71 ± 0.01    13.6 ± 1.5      0.47 ± 0.04       4.5 ± 0.2 
             4   0.75 ± 0.01    19.5 ± 1.0      0.56 ± 0.05       8.1 ± 0.4 
             6 0.74 ± 0.01    17.9 ± 1.3      0.56 ± 0.08                  7.3 ± 0.5 
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Figure 6.10 Photovoltaic parameters of devices with different spray cycles of TAA by using 






Figure 6.11 J-V curves of perovskite solar cells with different spray cycles of cp-TiO2 by 
using SONOTEK spray coating system measured under simulated one sun illumination 
 
The dark J-V characteristics of corresponding perovskite solar cells are shown in 
Figure 6.12. The onset of the dark current in the cp-TiO2-free device occurs at 0 V which 
is in consistent with the expectation based in the J-V curve of a symmetrical cell without 
cp-TiO2 layer. Upon the addition of cp-TiO2 layers, the onsets of dark currents are shifted 
by more than 350 mV. The dark current has been significantly suppressed even with only 
1 cycle of TAA spray. With increasing the number of spray cycles, the dark current onset 
is further positively shifted. It indicates that electron transfer at the FTO / TiO2 / 
perovskite interface has been reduced due to the higher / more compact surface coverage 




Figure 6.12 The dark J-V curves of perovskite solar cells with different spray cycles of cp-
TiO2 by using SONOTEK spray coating system 
 
In conclusion, the automatic SONOTEK spray coating system has been employed for 
the deposition of cp-TiO2 layer which is more adaptable for the manufacture. Fewer 
defects and a more compact cp-TiO2 film (investigated by SEM) has been observed when 
the SONOTEK spray coating system was used compared to the handheld spray technique. 
Furthermore, the thickness of cp-TiO2 film could be well controlled by the number of 
spray cycles. The optimum number of cycles was 4 sprays with a thickness calculated to 






6.4 Deposition of perovskite layer and P3HT layer by 
doctor blading  
In this section, the aim of finding more scalable techniques to deposit the perovskite and 
hole transporting layers with potentially increased device performance has been 
investigated. As it was shown in chapter V, P3HT has reasonable conductivity even with 
lower concentration of additives, therefore is considered more suitable for larger scale 
devices as compared to spiro-OMeTAD. Therefore, P3HT was chosen as the hole 
conductor for preparing up-scaled devices.  
 
 
6.4.1 Thickness of each layer using different deposition techniques  
The thicknesses of each layer cast using different deposition techniques have been 
measured by a profilometer (Veeco Dektak150). As all TiO2 substrates were prepared 
using the same procedure leading to a 510 (±20) nm-thick mesoporous TiO2 film, the 
thickness of the capping layer after perovskite deposition can be calculated by subtracting 
the TiO2 film thickness from the total thickness. The results are summarized in Table 6.3. 
The perovskite layer deposited by the doctor blading of the same solution prepared as 
used for spin coating resulted in a much thicker film (480~490 nm) compared to the spin 
coated one (~150 nm). Furthermore, the doctor bladed P3HT films (500~850 nm) were 
also much thicker compared to the spin coated ones (120~130 nm). However, the P3HT 
film thickness was influenced by the thickness of perovskite film due to the height of the 
blade kept unchanged. For example, after spin coating of the perovskite (150 nm capping 
layer), the P3HT film deposited by the doctor blade technique was about 830 nm as shown 
in Figure 6.13. When perovskite was doctor bladed (~ 500 nm), the doctor bladed P3HT 
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was only 500 nm. The latter suggest the perovskite layer could be partially dissolved 
during the deposition of the P3HT. In conclusion, doctor blading without further 
optimization will produce thicker films of both perovskite and P3HT layers, which is 
consistent with expectations considering the different nature of spin coating and blade 
coating. 
 
Table 6.3 Thickness of each capping layer including perovskite and P3HT deposited by 
spin coating or doctor blading 
Deposition techniques Perovskite capping layer (nm) P3HT layer (nm) 
sp(perovskite)+sp(P3HT) 150 (±40) 130 (±40) 
DB(perovskite)+sp(P3HT) 480 (±40)  120 (±25) 
sp(perovskite)+DB(P3HT) 150 (±50) 850 (±40) 





Figure 6.13 Thickness of mesoporous TiO2, spin coated perovskite film and doctor bladed 
P3HT film measured by profilometer (Dektak) 
 
 
6.4.2 Photovoltaic parameters of perovskite solar cells  
Table 6.4 and Figure 6.14 summarize the photovoltaic parameters of perovskite solar 
cells prepared using spin coating or doctor blading techniques for the deposition of 
perovskite and P3HT layer. The results were averaged from 6 pixels and from two 
separate substrates. All devices used here were prepared in the same batch and in small 
scale devices as previously with an active area of 3 mm×3 mm. In this chapter, to keep 
consistency, all fabrication processes were conducted in air because doctor blading cannot 
be performed in the glove box in our lab. Therefore, the photovoltaic performance of the 
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devices made by spin coating (Set 1) is not as high as in previous chapters.  
The control devices in Set 1, prepared by spin coating of both perovskite and P3HT 
(sp+sp) layers, show power conversion efficiency values (ƞ) of 5.8% on average, with a 
Voc of 0.83 V, Jsc of 12.5 mA/cm
2, and fill factor of 0.57.  
Among all devices in this section, the highest Voc of 0.91 V is obtained by the devices 
in Set 2 with doctor bladed perovskite and spin coated P3HT films (DB+sp). Moreover, 
the average values of Jsc (12.3 mA/cm
2) and fill factor (0.59) are close to those in Set 1, 
leading to a relatively high ƞ of 6.7%. Comparing Set 1 and Set 2 shows that the doctor 
bladed perovskite layer leads to improved Voc, which could be ascribed to reduced 
recombination at the interface between TiO2 and P3HT with a thicker perovskite capping 
layer on the top of the mesoporous TiO2 film.  
For the devices with spin coated perovskite and doctor bladed P3HT layers (Set 3), 
the lowest average ƞ (2.7%), with a lowest Voc (0.66 V), Jsc (9.1 mA/cm
2) and fill factor 
(0.45) are observed. Compared to the devices in Set 1 with nominally the same spin 
coated perovskite layer, the poor performance of devices in Set 3 could be related to the 
P3HT layer being deposited by doctor blading at 70 °C without optimizing the thickness 
and / or the negative effect of the ambient, high temperature environment on the 
underlying perovskite layer during doctor blading of the P3HT. The dependence of 
photovoltaic performance on P3HT layer thickness as well as the influence of heating the 
films at ambient will be investigated later in this chapter.  
In Set 4, the devices with doctor bladed perovskite layer and P3HT layer (DB+DB) 
exhibit a better photovoltaic performance than that of devices in Set 3 (sp+DB), but lower 
performance than that of devices in Set 2 (DB+sp). The average Voc (0.77 V) of Set 4 is 
110 mV higher than that of Set 3, but 140 mV lower than that of Set 2. In addition, the 
Jsc of the devices in Set 4 (11.7 mA/cm
2) is slightly lower than Set 2, but higher than Set 
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3, resulting in an average ƞ of 4.3%. Using doctor-blading for perovskite film deposition 
could explain the higher Voc, while doctor blading the P3HT film at elevated temperatures 
could explain the lower Jsc and fill factor. Thus, the device performance of Set 4 is in 
between that of Set 2 and Set 3.  
The J-V curves of the devices for each condition, representing close to the average 
values, are displayed in Figure 6.15. The slopes of the J-V curves at the short circuit and 
open circuit conditions were used to determine the shunt resistance and series resistance, 
respectively. The poor fill factors of devices in Set 3 and Set 4 are mostly resulted from 
the high series resistance, which could be attributed to the P3HT films that are too thick 
using doctor blading with the initial conditions tried. In addition, by comparing the 
photovoltaic performance of devices with doctor bladed perovskite film and spin coated 
perovskite film (Set 1 vs. Set 2, Set 3 vs. Set 4), doctor blading the perovskite layer helps 
to improve the Voc by about 100 mV, without the detriment of the Jsc values. The enhanced 
Voc might be attributed to the increased electron density and / or the better film 











Table 6.4 Average photovoltaic parameters for perovskite solar cells prepared using 
doctor blading (DB) compared to spin coating (sp) technique 
Device  Deposition Technique Voc (V) Jsc (mA/cm2) Fill factor ƞ (%) 
Set 1 sp(perovskite)+sp(P3HT) 0.83±0.01 12.5±2.3 0.57±0.05 5.8±0.7 
Set 2 DB(perovskite)+sp(P3HT) 0.91±0.03 12.3±1.5 0.59±0.03 6.7±0.5 
Set 3 sp(perovskite)+DB(P3HT) 0.66±0.04 9.1±1.8 0.45±0.03 2.7±0.4 
Set 4 DB(perovskite)+DB(P3HT) 0.77±0.02 11.7±2.2 0.47±0.01 4.3±0.9 
 
 
Figure 6.14 Photovoltaic parameters for perovskite solar cells prepared using doctor 
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blading and spin coating techniques for perovskite and P3HT deposition 
 
Figure 6.15 J-V curves of perovskite solar cells prepared in different techniques under 
simulated one sun illumination 
 
 
6.4.3 IPCE spectra of perovskite solar cells using different deposition 
techniques 
The IPCE spectra of the corresponding perovskite solar cells are shown in Figure 6.16. 
Values exceeded 70% in the wavelength range of 400 nm to 520 nm for a representative 
device from Set 1 (sp+sp).  
The maximum IPCE of the device in Set 2 (DB+sp) is only reaching 60% over the 
wavelength from 400 nm to 600nm, in spite of a much thicker perovskite capping layer. 
This could be attributed to the lower charge collection efficiency with a too thick 
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perovskite capping layer, regardless of the increased light harvesting. However, the IPCE 
values at the wavelength beyond 600 nm are higher than Set 1, which either suggests that 
larger perovskite crystals were created using the doctor blading technique, thereby 
resulting in the increased absorption at longer wavelength or increased charge collection 
efficiency at weakly absorbed, longer wavelength photons.19  
In Set 3 (sp+DB), the device shows a similar IPCE spectrum shape with that of Set 1, 
however exhibiting maximum IPCE of only 59%, which is the lowest among all devices. 
The explanation could be the higher rate of electron recombination occurring because of 
the thick P3HT film. It could also be attributed to lower charge generation efficiency due 
to the degradation of the thin perovskite layer during the doctor blading of the P3HT layer 
at elevated temperatures. The IPCE values of the device in Set 4 (DB+DB) at the 
wavelength range from 380 nm to 550 nm exceeds the values shown by Set 3. Moreover, 
the higher IPCE is also observed in the wavelength range from 600 nm to 750 nm for the 
device in Set 4. This may suggest that device degradation is not as significant when the 





Figure 6.16 IPCE spectra of perovskite solar cells prepared in different techniques. 
 
 
6.4.4 SEM images of doctor bladed perovskite films and spin coated 
perovskite films 
The morphologies of spin coated and doctor bladed perovskite film are characterized by 
SEM as shown in Figure 6.17 and Figure 6.18 respectively. The crystal sizes of the 
CH3NH3PbI3 deposited by doctor blading (Figure 6.18) are in the range of 100 nm to 400 
nm, while the spin coated perovskite crystals (Figure 6.17) are in the size of ~100 nm. 
The larger perovskite crystal observed in doctor bladed film explains the higher IPCE 
values of the PSCs prepared with the doctor bladed perovskite film at the longer 
wavelengths. Assuming the TiO2 particle size of 20 nm, there are still some porous TiO2 
observed in Figure 6.17, which indicates less compact perovskite film is deposited by 
spin coating, compared to the doctor blading. Thereby, the devices made with the doctor 
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bladed perovskite film are expected to reduce the chance of electron recombination. 
 
 
Figure 6.17 Top-view SEM image of perovskite film deposited using spin coating 
 
 




6.4.5 SEM images of doctor bladed P3HT films and spin coated P3HT 
films 
The top-view SEM of P3HT films deposited on top of the perovskite by both spin coating 
and doctor blading are shown in Figure 6.19 and Figure 6.20, respectively. The P3HT 
coated by the spin coating technique (Figure 6.19) exhibits a more uniform film, while 
the doctor bladed P3HT (Figure 6.20) presents some features of non-uniformity They’re 
probably generated by the shrinking / drying of the film due to the relatively higher 
temperature during the deposition process at 70 °C.  
 
 






Figure 6.20 Top-view SEM image of P3HT film deposited on top of TiO2/perovskite using 
doctor blading 
 
In summary, the introduction of doctor blading technique to fabricate perovskite solar 
cells was successful but may need further optimization of the thickness for each layers. 
Furthermore, the spin coating technique and doctor blading technique resulted in different 
film morphology for both perovskite layer and P3HT layers.  The effect of using elevated 
temperature on the underlying perovskite layer during the deposition of P3HT using 
doctor blade needs to be further clarified by moving the depositon system into the 




6.5 The suitability of the deposition techniques for larger 
scale devices and the investigation of “size effect” 
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In this section, the devices are scaled up to an active area of 5 mm × 40 mm. The influence 
of using a spin coated and / or doctor bladed films is investigated in these larger size 
devices. Furthermore, the effect of increasing the device area (termed size effect), 
particularly the increasing importance of series resitance in larger devices due to larger 
photocurrents is raised and investigated. Therefore, the differing trends of photovoltaic 
performance as compared to small devices in secton 6.4 will be discussed.  
 
Figure 6.21 Photograph of small (active area: 0.09 cm2), medium (active area: 2 cm2), and 
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large (active area: 4 cm2) PSCs 
 
6.5.1 Photovoltaic performance of up-scale perovskite solar cells using 
different deposition techniques 
The average photovoltaic parameters including Voc, Jsc, fill factor and power conversion 
efficiency (ƞ) are summarized in Table 6.5 and Figure 6.22. The J-V curves of the 
representative larger scale devices in each condition are displayed in Figure 6.23.  
The devices prepared by spin coating of both perovskite and P3HT layer (Set 1) exhibit 
an average Voc of 0.89 V, Jsc of 8.8 mA/cm
2, and a relatively low fill factor of 0.34, leading 
to a ƞ of 2.6%. These values are much lower than those of small-scale devices prepared 
using the same conditions. The lower Jsc and fill factor could be attributed to the increased 
series resistance of the larger substrate.  
Importantly, the devices in Set 2 achieve the highest average Voc of 1.04 V and a high 
average Jsc of 10.5 mA/cm
2 using a doctor bladed perovskite and a spin coated P3HT film. 
Furthermore, considering that the fill factor is the highest amoung this set of devices (0.54 
on average), the devices in Set 2 achieve the highest average ƞ of 6.0 %, more than double 
the efficiency of that of devices in Set 1. It is proposed that the thicker perovskite capping 
layer and better film morphology as demonstrated in section 6.4 resulting from the doctor 
blading technique could not only help to inhibit recombination between TiO2 and P3HT, 
but also reduce the series resistance, hence contributing to a higher fill factor. Compared 
to the spin coating process, the advantages of doctor blading technique for the deposition 
of perovskite layer are more significant in larger scale devices as compared to the small-
scale devices.  
In Set 3, the Voc of the devices with spin coated perovskite and doctor bladed P3HT 
is only 0.8 V. which is the lowest among all large scale devices. The comparatively lower 
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Voc could  be attributed to the P3HT layer that is too thick, similarly to small scale devices.  
The Set 4 devices show similar Voc and Jsc values with Set 1, but much lower fill 
factor. The latter is similar to that of Set 3 devices, resulting in a relatively low ƞ. As 
shown in Figure 6.23, the fill factor below 0.2 of devices in both Set 3 and Set 4 
originates from the high series resistance and low photo-shunt resistance which is 
probably due to the thick P3HT layer deposited by doctor blading. However, all larger 
scale perovskite solar cells exhibit 0.1 V higher Voc values than those of small-scale 
devices. It could be attributed to the edge effect of the contact between cp-TiO2, 
perovskite, and P3HT leading to a less current leakage or electron recombination. In the 
small-scale device with an active area of 0.3×0.3=0.09 cm2 and a total edge boundary is 
3×0.3=0.9 cm, the ratio of area size/edge length is 0.1. As for the up-scale device with an 
active area of 0.5×4=2 cm2, the total contact edge boundry is 0.5+4+0.5=5 cm, leading to 
a higher ratio of area size/edge length (0.4). Therefore, the effect of shunts specifically 
located at the edges of the films has a more profound effect in small-scale devices. 
Excitingly, a PCE of 6% in avearge with a high Voc of 1.04 V has been achieved by larger 








Table 6.5 Photovoltaic parameters for perovskite solar cells prepared using doctor blading 
compared to spin coating technique made at the scale of 5 mm×40 mm 
Device 
set 
Technique Voc (V) Jsc (mA/cm2) Fill Factor η (%) 
Set 1 sp(perovskite) + sp(P3HT) 0.89 ±0.04 8.8 ±0.7 0.34 ±0.03 2.6 ±0.3 
Set 2 DB(perovskite) + sp(P3HT) 1.04 ±0.03 10.5 ±0.7 0.54 ±0.04 6.0 ±0.3 
Set 3 sp(perovskite) + DB(P3HT) 0.80 ±0.04 7.4 ±1.2 0.18 ±0.03 1.1 ±0.4 
Set 4 DB(perovskite) + DB(P3HT) 0.87 ±0.04 8.7 ±0.7 0.20 ±0.02 1.5 ±0.2 
 
 
Figure 6.22 Photovoltaic parameters of up-scaled devices summarized in Table 6.3 (The 






Figure 6.23 J-V curves of up-scaled devices using different deposition techniques which 
are close to their average photovoltaic performance 
 
Figure 6.24 shows the dark current of the corresponding devices. The dark current of the 
device with spin coated perovskite and spin coated P3HT starts from less than 100 mV, 
which is the lowest among all devices. However, most dark curves of the PSCs prepared 
with spin coated perovskite and spin coated P3HT show higher onset. The representative 
device under one sun illumination in this case is not well correlated with that of the dark 
condition. For the doctor-bladed perovskite film and incorporating spin coated P3HT, the 
onset of the dark current occurs at the highest voltage of 0.7 V. The devices with doctor-
bladed P3HT in Set 3 and Set 4 exhibit similar dark J-V curves with the onset of the dark 
current at about 0.58 V. It indicates more pinholes and poor uniformity of the perovskite 





Figure 6.24 The dark current density versus voltage for corresponding up-scaled devices 
 
 
6.5.2 IPCE of larger scale perovskite solar cells using different 
deposition techniques 
The IPCE spectra of corresponding devices are presented in Figure 6.25. The integrated 
Jsc values are significantly higher than the Jsc observed in the J-V test, especially for the 
devices deposited with both doctor bladed perovskite and P3HT, which could be due to 
the light intensities used in the JV measurement and the IPCE test are different (the light 
intensity of IPCE test is approximately 20% of the one sun illumination). Therefore, the 
light intensity dependence of Jsc and saturated current density is investigated in section 
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6.5.3. The uniformity of photocurrent generation in these larger scale devices is 
characterized by testing the IPCE at five different spots (about 4 mm2) within the same 
device area for each condition, as shown in Figure 6.26. The variation of the measured 
values using spin coated P3HT in Set 1 and Set 2 are much higher than the devices using 
doctor bladed P3HT in Set 3 and Set 4, which is probably due to the thinner and less 
uniform P3HT deposited by spin coating. This variation of IPCE depending on where it 
is measured may also explain the difference between the photocurrent obtained by J-V 
measurement (the whole area is measured) and IPCE measurement. Therefore, the 
uniformity of doctor bladed both perovskite and P3HT layer is ensured, and high 
integrated photocurrent is observed by IPCE at the light intensity of 0.2 sun illumination.  
 
 






Figure 6.26 Schematic of the test location on the up-scaled device (above), and IPCE 
spectra of up-scaled devices in these 5 spots (below) 
 
 
6.5.3 Light intensity dependence of the photovoltaic characteristics 
The light intensity for the IPCE measurement is much lower than the simulated one sun 
illumination. Also, at lower light intensities, the effect of series resistance is less 
pronounced, which helps to investigate whether series resistance is in important 
bottleneck or not in larger scale devices. Therefore, the light intensity dependence of the 
J-V curves was measured as shown in Figure 6.27. Under lower light intensities, higher 
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shunt resistances are observed for all devices, especially for devices with doctor bladed 
P3HT. It implies that the electron recombination occurs more easily in the devices with 
thicker P3HT layer at higher light intensity. This is consistent with electron lifetime data 
exhibited in previous chapters showing shorter lifetimes at higher charge densities/Voc. 
Figure 6.28 plots the power law dependence of the short circuit current density on light 
intensity. The slopes (α) of the linear fitting of the datasets are decreasing in the order of 
sp+sp (1.04) > DB+sp (0.91) > sp+DB (0.89) > DB+DB (0.78). The α values of devices 
from set 1 (sp+sp), and set 2 (DB+sp) are close to 1 suggesting the monomolecular 
recombination. While the large deviation of α from 1 as obtained in devices from set 3 
(sp+DB) and set 4 (DB+DB) is proposed to either the loss of charge carriers due to 
bimolecular recombination (ie trap-assisted recombination) or arising from an increased 
difference between electron and hole mobilities.20-22 It could be attributed to the 






Figure 6.27 J-V curves under different light intensity for the up-scaled devices prepared 
with both spin coated perovskite and P3HT film (a), doctor bladed perovskite film and 
spin coated P3HT film (b), spin coated perovskite film and doctor bladed P3HT film (c), 










6.5.4 Optimizing P3HT layer deposition using doctor blading: Effect of 
thickness and deposition temperature 
The devices using doctor bladed P3HT film could not achieve comparable performance 
as compared to those devices prepared using spin coated P3HT film. Two differing factors 
between spin coated and doctor bladed P3HT were proposed: (i) the change in layer 
thickness and (ii) the effect of elevated deposition temperature using the doctor blade 
technique. A P3HT layer that is too thick may result in a higher series resistance. Herein, 
the thickness of doctor-bladed P3HT films was controlled by changing the height of the 
blade. The J-V curves of perovskite solar cells containing a P3HT layer deposited by 
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doctor blading at different thicknesses are displayed in Figure 6.29. The device with a 
1000 nm-thick P3HT layer exhibits both low Voc (0.63 V) and Jsc (5.9 mA/cm
2) values. 
By decreasing the thickness of P3HT to 310 nm, the Voc was enhanced to 0.87 V, and the 
Jsc was boosted to over 13 mA/cm
2. Although the Voc was improved to 0.93 V with further 
decreasing the P3HT thickness to 112 nm, the Jsc showed a slight decrease to about 11 
mA/cm2. Compared to the device with doctor bladed perovskite and spin coated P3HT, 
the Voc of the device with doctor bladed P3HT was still about 0.1 V lower, albeit with 
approximately the same thickness of P3HT layer. Therefore, the lower efficiency of 
devices with doctor bladed P3HT is not only affected by the thickness. As the doctor 
blading process was conducted at 70 ˚C in the air, the device performance might also be 
influenced by the use of elevated temperature, for example due to changes to the 
underlayig perovskite layer which is known to be sensitive to oxygen and moisture. In 
order to check the influence of heating temperature alone, films prepared by doctor 
blading of the perovskite and spin coat of the P3HT were heated at 70 ˚C for 15 min 
before evaporating the gold contact. The device presented a reduced photovoltaic 
performance compared to the unheated P3HT film as shown in Figure 6.30, manifested 
in both lower Jsc and Voc. This indicates that the relatively high deposition temperature 
does affect the device performance. Therefore, an alternative solvent with a lower boiling 
point is suggested to use for the deposition of P3HT layer at low temperature. 
Furthermore, a quicker drying process can be developed via in combination of doctor 




Figure 6.29 J-V curves of up-scaled perovskite solar cell (active area: 2 cm2) with different 





Figure 6.30 J-V curves of up-scaled perovskite solar cells (active area: 2 cm2) with doctor 
bladed perovskite and spin coated P3HT. Black: Spin coating of P3HT at room temperature, 
Red: After spin coating of P3HT at room temperature, the prepared FTO/cp-TiO2/mp-
TiO2/perovskite/P3HT films were heated at 70˚C for 15 min. 
 
 
6.6 The size effect of devices using both doctor bladed 
perovskite and P3HT 
The photovoltaic performance of devices with doctor bladed perovskite and P3HT, as an 
example, were also tested by varying the active areas as shown in Figure 6.31. The Voc 
increases about 100 mV by enlarging the device size from 0.09 cm2 to 1 cm2 and then it 
is stable by further increasing the size of active area. However, an opposite trend is 
observed for Jsc probably resulting from the increasing probability of pinholes in either 
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perovskite layer or P3HT layer due to larger dimension. The performance of PSC with an 
active area of 4 cm2 may be limited by more defect induced from the increased size in 
this case. Furthermore, the increased active area from 0.09 cm2 to 4 cm2 results in 
significant decrease in fill factor. It could be ascribed to the increased power losse (Ploss), 
which has the relationship with sheet resistance (Rs) and photocurrent (I), as Ploss ≈ Rs × 
I2.23,24 Since the series resistance of current collecting electrodes and total current is 
proportionally to the device size, the larger solar cells could lead to higher power losses. 
In small-scale (0.09 cm2) devices as shown in previous chapters, the 60 nm gold contact 
with the sheet resistance of ~102 ohm/□25 is conductive enough to work as a current 
collecting electrode, giving reasonable high fill factors. However, its conductivity might 
not be sufficient to carry orders of magnitude higher current output in up-scaled devices. 
Therefore, to reduce the sheet resistance of current collecting contact turns to be more 
important for large-scale devices.  
 
 
Figure 6.31 J-V curves of perovskite solar cells in different sizes of active area 
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6.7 Conclusion  
The potential of upscaling perovskite solar cells has been shown in this chapter. Upon the 
active area of 22 times upscaling from 0.09 cm2 to 2 cm2, a PCE of 6% on average has 
been achieved in large-size deivces with only 10% decrease compared to the small-scale 
devices. The deposition techniques have been updated to more scalable which is a critical 
issue for practical manufacture. The handheld spray coating process has been replaced by 
a SONOTEK spray coating system to deposit the compact TiO2 layer, and the spray cycles 
has been optimized. The depositon of perovskite and P3HT layers has been also altered 
from spin coating to doctor blading and the influence of these two techniques have been 
compared through film morpholgy, uniformity, defect chance. The doctor bladed 
perovskite film is found to be more compact and thicker than spin coated one, which helps 
to enhance the light harvesting, prevent the electron recombination and also reduce the 
series resistance for up-scaled devices. However, the doctor bladed P3HT at 70 ˚C may 
result in a decrease for both Voc and Jsc for perovskite solar cells which suggests the 
deposition should be controlled in a strict operation condition, such as low oxygen and 
humidity environment. In addition, the size effect on device performance with increasing 
the active area have been preliminary studied and the dominant limitation might be 
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Perovskite solar cells (PSCs) have rapidly emerged as a new photovoltaic technology 
reaching record power conversion efficiencies above 22% in just a few couple of years. 
In mesoscopic perovskite solar cells, the light absorber of dye in a solid-state dye 
sensitized solar cell (ss-DSSC) is replaced by a perovskite performing the functions of 
light harvesting, charge generation and transport. Therefore, the underlying operating 
mechanisms could be quite different from ss-DSSCs. Nevertheless, due it origins from 
the DSSC research, several procedures and operating principles, such as use of ionic and 
molecular additives to enhance performance and the necessity to use hole conductors to 
transport the positive charge to the back electrode, are still used. The aim of this thesis is 
to re-evaluate such generally applied principles, by systematically evaluating the 
combined effects of additives and the use of hole conductors in mesoscopic perovskite 
solar cells. A novel layer-by-layer approach is implemented to look at the specific effect 
of additives on each layer in a PSC with the viewpoint of eliminating or minimizing any 
unnecessary processes, which may be not suitable for the large-scale manufacturing. To 
this end, several underlying issues (Figure 7.1), which may effect on scaling up 
fabrication have been raised and solved chapter by chapter. 
1. How do solvents and deposition methods effect on perovskite film morphology, 
thereby influencing device performance? And which method will be selected for 
scaling up fabrication? 
2. What are the exact benefits by using hole transporting materials (HTMs) for PSCs 
and how to choose an ideal HTM for up scaling purpose? 
3. What are the specific roles of the additives in PSCs, and can they be eliminated or 
minimized to simplify device fabrication or decrease the fabrication cost? 
4. To find an alternative deposition technique, which is scalable for achieving a 
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Figure 7.1 Schematic of the aims in this thesis 
 
In Chapter III, to establish the deposition method for the rest of this thesis, two 
different deposition methods (single-step vs. two-step) have been compared as well as 
two different solvents (GBL vs. DMF) used for single-step deposition, in terms of film 
morphologies, device performance, light absorption and electron recombination process. 
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In conclusion, the PSCs prepared with the two-step deposited perovskite film exhibit the 
best device performance with both highest Jsc and Voc due to: 1) an enhanced light 
harvesting with higher surface coverage of perovskite on the top of TiO2 as observed from 
the top-view SEM image, 2) elongated electron lifetimes derived from the transient 
photovoltage decay. A relatively non-uniform perovskite film with varied thicknesses and 
crystal structures is produced by the single-step deposition method from the DMF 
solution, resulting in the poor contacts of perovskite/perovskite, perovskite/TiO2, hence 
bringing larger standard deviations of the photovoltaic parameters. However, the 
perovskite films obtained from the single-step deposition from GBL solution, display the 
lowest surface coverage on the top of mesoporous TiO2 leading to a lowest light 
absorption and highest charge population of recombination. Thereby, the devices 
prepared from GBL solution in single-step route present the lowest Voc and Jsc. According 
to the contact angle measurements, the effect of these two different solvents may not 
originate from the differences in surface wettability, but rather from the higher boiling 
point and better solubility of DMF. In summary, the sequential deposition method is 
suggested to cast the CH3NH3PbI3 perovskite film for the upscaling devices.  
In Chapter IV, the importance and new criteria of the hole conducting layer have been 
evaluated. HTM-free PSCs and devices incorporated with three different HTMs, 
including spiro-OMeTAD, P3HT and PCPDTBT, with close HOMO levels determined 
through cyclic voltammetry, have been compared to specifically investigate the role of 
HTMs. The addition of the HTM layer like spiro-OMeTAD and P3HT is observed to 
improve device efficiency from 5.3% to 7.2% and 7.3% repectively, benefiting form the 
increased Voc and Jsc. The enhanced IPCE values are due to the better charge collection 
due to 1-2 orders of magnitude longer electron lifetimes in spiro-OMeTAD and P3HT 
based PSCs. In contrast, PCPDTBT based PSCs show a very similar PCE, Voc, and Jsc 
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with that of HTM-free devices. This is explained due to the LUMO level of PCPDTBT 
being close to the bottom of the CB edge of CH3NH3PbI3 perovskite, therefore a tail of 
unoccupied electron states in PCPDTBT are lower in energy than the Fermi level of free 
electrons in the perovskite. This facilitates unwanted electron transfer from the perovskite 
to the PCPDTBT, which is could also explain the similar electron lifetime compared to 
no HTM devices. In conclusion, the relatively low photovoltaic performance was ascribed 
to the inefficient electron blocking by PCPDTBT, originating from the insufficient 
PCPDTBT LUMO /perovskite CB energy separation. Thereby, a high bandgap with more 
positive LUMO level has been proposed to be a new criterion of an ideal hole condutor 
for the PSCs. Furthermore, by comparing with a commonly used organic dye (MK2) 
sensitized solar cells, it was confirmed that the pore infiltration property of a HTM 
employed for the PSCs is not as important as for ss-DSSCs due to the already efficient 
hole transport in the perovksite. Interetsingly, it was found that hole transport materials 
were still required for high efficient mesocopic solar cells mostly benefiting the Voc. In 
summary, P3HT, as a low cost and relatively high conductivity material is selected as a 
good alternative to spiro-OMeTAD with a comparable photovoltaic performance for the 
large-area printed PSCs. 
In Chapter V, the effects of two commonly used additives, LiTFSI and tBP, on the 
mesoscopic perovskite solar cells have been investigated in combination with different 
HTMs. The aim is to investigate wether the sue of additives can be reduced or eliminated 
for up-scaled devices. Upon the addition of low concentrated LiTFSI and tBP, all PSCs 
show improvements in PCE, and Voc, but varying with different HTMs. For the devices 
prepared with the low conductive HTM layer, spiro-OMeTAD, 4 times increase in Jsc and 
>6 times increase in PCE have been obtain by introducing 11 mM of LiTFSI and 41 mM 
of tBP. As for the conductive polymers, such as PCPDTBT and P3HT, about 200 mV 
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increase in Voc and 40%~50% improvement in PCE have been observed. Whereas, the 
contributions from additives on HTM-free devices were not as large as those HTM-
containing devices. With increasing the concentration of additives, the photovoltaic 
performance of spiro-OMeTAD based PSCs have been further improved due to the better 
electronic property of the HTM layer. On the contrary, the devices incorporated with 
P3HT, PCPDTBT, or without any HTM layer exhibit a decreased PCE, which could be 
ascribed to the excessive use of additives resulting in a damaged perovskite film. In 
conclusion, spiro-OMeTAD requires higher concentration of additives to improve its 
conductivity for achieving good photovoltaic performance, while P3HT based devices 
obtain the highest PCE of 9.1% in average with lower concentration of additives. Further 
investigation on the roles of these two additives have been carried out by individually 
using LiTFSI or tBP. As observed in the results, LiTFSI helps to increase the Voc, while 
the use of tBP improve the Jsc mostly. The specific roles of these additives on each 
contacted layer have been studied by sequentially treated on the top of each layer 
including mesoporous TiO2 layer, perovskite layer and the HTM layer. Unlike the DSSCs, 
these two additives are observed to be more effective on perovskite/HTM interface and 
HTM/metal contact interface. The recrystallization (and possibility of damage at higher 
concentrations) of the perovskite layer by t-BP is proposed to influence the Jsc affecting 
charge generation. Somewhat unexpectedly and reported for the first time in the literature 
for PSCs, the Voc is enhanced due to the modification of the interface between the HTM 
and the metal contact. By comparing different metal contacts with varied work functions 
applied in the PSCs, the use of additives improved the Voc values for all devices (even 
using aluminum with almost no Voc predicted). These results were explained by the 
modification of the metal work function by the ions of LiTFSI and to lesser extend the 
surface adsorption on the metals by t-BP. Therefore, the LiTFSI and tBP have a special 
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role to adjust the energy levels of the metal contacts. In conclusion, the use of additives 
can be minimized by using a highly conductive HTM, or even be removed completely if 
the PSC is prepared with a well-formed perovskite film and a high-work function contact. 
However, the beneficial use of work function modifying additives can extend the choice 
of back electrode materials beyond expensive gold and silver. 
In Chapter VI, scalable techniques are introduced to fabricate larger area PSCs (2 cm2, 
over 20 times larger area compared to typical small-scale devices). The main aim is to 
test the findings and re-evaluated procedures developed in chapter 3 to 5 for larger scale 
manufacturing of PSCs, which is rarely done in the literature still focusing on state of the 
art efficiencies. A compact TiO2 layer produced by the SONOTEK spray coating has been 
developed to replace the handheld spray pyrolysis. The developed procedures yield a 
sufficient hole blocking effect evaluated using electrolyte filled test cells and well as PSC 
prototype devices both small and large scale. Furthermore, a doctor blading technique has 
been adopted to deposit the perovskite layer and P3HT layer to replace spin coating that 
is much harder to apply for larger scale devices. The produced films are evaluated by 
comparing film qualities and corresponding device performance of both small-scale PSCs 
and PSCs with 2 cm2. Based on a study of the effect of increasing device size, the 
bottleneck of insufficient conductivity of the layers optimized for small scale devices 
have been identified. Somewhat unexpectedly, a higher Voc (1.04 V) has been obtained 
in larger area devices at comparable deposition conditions, which was attributed to lesser 
effects of defects located at the device active area edges.  
As a practical demonstration and outcome of this PhD, a 2 cm2 printed PSC with an 
average PCE of 6% has been obtained. Figure 7.2 presents the photograph of the small-
scale device with a substrate size of 20 mm×25 mm, and an up-scaled device in two sizes 






Figure 7.2 Photograph of scaling up the small-scale device to larger size 
 
To point out, the thickness of each layer as well as the solution concentration of HTM 
has not been fully optimized since achieving high efficiencies is not the main purpose of 
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this thesis. In addition, the materials, especially HTMs, we purchased from the 
manufacturer are different from other studies/reports, that may also affect device 
performance. Nevertheless, the findings demonstrated in this thesis provide a better 





This thesis followed a layer-by-layer approach to re-evaulate the role of ionic and 
molecular additrives oin mesoscopic perovskite solar cells with a view of eliminating or 
reducing their use in upscaled devices. Furthermore, scalable deposition techniques such 
as automatic spray coating and doctor blading toward high efficiency large scale devices 
have been developed. However, some scientifc questions remain to be fully answered and 
some new diretions of research have been identified as listed below.  
1. Further investigations of the role of LUMO levels of HTMs is warranted. New 
low-bandgap polymers with finely tuned LUMO levels have emerged from 
polymer:fullere solar cell research since the beginning of this thesis. A more 
systematic study of electron lifetime / charge carrier dynamics in PSC using 5 
similary structured HTMs with varying LUMO levels would clarify the minimum 
energy gap requiement for efficient electron blocking at the perovskite / polymer 
interface.  
2. The role of additives based on the present work potentially leads to a new strategy 
to improve the Voc with cost-effective materials, such as aluminum, various forms 
of nanocarbons material for the back contacts. Further work could look at 
molecular additives with large dipole moments to enhance the Voc further, 
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eliminating the need for interfacial layers to maximise the Voc.  
3. Fully printable perovksite solar cells can be achieved by developing a printable 
counter electrode such as introducing conductive silver inks, nickel paste, or 
doped graphene paste.   
4. To further increasing the device size with a better electrode pattern, for example, 
by designing a series connected module with several sub-cells in an optimized 
active area, and layout. 
 
 
 
 
